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Spacecraft operating in a desired formation offers an abundance of attractive mission ca-
pabilities. One proposed method of controlling a close formation of spacecraft is with Coulomb
(electrostatic) forces. The Coulomb formation flight idea utilizes charge emission to drive the
spacecraft to kilovolt-level potentials and generate adjustable, micronewton- to millinewton-level
Coulomb forces for relative position control.
In order to advance the prospects of the Coulomb formation flight concept, this dissertation
presents the design and implementation of a unique one-dimensional testbed. The disturbances of
the testbed are identified and reduced below 1 mN. This noise level offers a near-frictionless platform
that is used to perform relative motion actuation with electrostatics in a terrestrial atmospheric
environment. Potentials up to 30 kV are used to actuate a cart over a translational range of motion
of 40 cm.
A challenge to both theoretical and hardware implemented electrostatic actuation develop-
ments is correctly modeling the forces between finite charged bodies, outside a vacuum. To remedy
this, studies of Earth orbit plasmas and Coulomb force theory is used to derive and propose a
model of the Coulomb force between finite spheres in close proximity, in a plasma. This plasma
force model is then used as a basis for a candidate terrestrial force model. The plasma-like pa-
rameters of this terrestrial model are estimated using charged motion data from fixed-potential,
single-direction experiments on the testbed.
The testbed is advanced to the level of autonomous feedback position control using solely
Coulomb force actuation. This allows relative motion repositioning on a flat and level track as
iv
well as an inclined track that mimics the dynamics of two charged spacecraft that are aligned
with the principal orbit axis. This controlled motion is accurately predicted with simulations using
the terrestrial force model. This demonstrates similarities between the partial charge shielding of
space-based plasmas to the electrostatic screening in the laboratory atmosphere.
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Chapter 1
Introduction
“We choose to go to the moon in this decade and do the other things, not because they are
easy, but because they are hard, because that goal will serve to organize and measure the best of
our energies and skills... space is there, and we’re going to climb it... the most hazardous and
dangerous and greatest adventure on which man has ever embarked.” Almost 50 years after this
famous speech was given by President John F. Kennedy on September 12 1962, space still remains
the formidable frontier for human utilization.
Space is an attractive location for scientific, surveillance or exploratory missions of Earth and
beyond. Whether it is for monitoring the Earth’s climate or geological features, communications,
solar power extraction or the search for Earth-like planets about other stars, there is an abundance
of possible remote sensing, radiometric, and telescopic operations that benefit from a space-based
platform. As declared by President Kennedy in the 60’s and still holding true today, it is necessary
to expand spacecraft technology and capabilities to continue growth in the areas of space research.
As an example, sensor baselines of tens to hundreds of meters are sought to increase observation
power and sensor resolution. For imaging, such as space-based telescopes, large physical sizes
are desired as it increases the baseline of the collector (or aperture) and consequently improves
the angular resolution. While not an easy feat, these sensor platforms can be achieved with a
dedicated space structure, deployable components, or of particular interest here, with a formation
of spacecraft.
Large space structures offer a rigid configuration producing a precise sensor array or plat-
2form for highly accurate observations. In contrast, inflatable and deployable systems offer a low
mass, high mechanical packaging efficiency and potentially low cost solution. Large structures and
gossamer inflatables are sought for their use as space-based antennas, telescopes, for solar array
deployment or isolating sensing equipment such as Langmuir probes [19; 37; 148]. An ongoing
area of research is the development and testing of deployable components and material membranes
for large space structures [31] as well as the inflation of Gossamer structures using electrostatic
forces [146]. The National Aeronautics and Space Administration (NASA) has developed a number
of key technologies to support the prospects of inflatable search radar, parabolic reflectors, sun
shades as well as the spherical, 100 foot diameter, Echo balloon intended as a space-based com-
munications reflector [36]. The search for terrestrial exoplanets is one application that features
prominently in astrophysics and benefits from a large-baseline receptor that would allow spatial
resolutions 2 to 3 orders of magnitude higher than planned spaced-based telescopes [38].
However, there are challenges to overcome prior to large space structures becoming standard
operating systems; including significant mass, volume and cost constraints, the need for on-orbit
construction and the complexities and reliability of deployable components. The International
Space Station (ISS), shown in Figure 1.1, is an example of an orbiting structure that has taken
15 countries of 5 space agencies,1 ten years and contributions of tens of billions of dollars to
complete.2 Also shown in Figure 1.1 is the successful space deployment of the 14 × 14 m solar sail
of the Interplanetary Kite-craft Accelerated by Radiation Of the Sun (IKAROS) mission by the
Japanese Aerospace Exploration Agency (JAXA) [157].
1.1 Spacecraft formation flight
An alternate method of achieving space-based sensing and providing the same characteristics
of a large-baseline structure is to operate a free-flying formation of spacecraft. The use of spacecraft
1 NASA International Space Station: International Partners and Participants,
http://www.nasa.gov/mission pages/station/structure/elements/partners.html, 10/11/11
2 ESA International Space Station: How much does it cost, http://www.esa.int/esaHS/ESAQHA0VMOC iss 0.html,
10/11/11
3! The generated power is transferred by flexible
cables on the sail, and V–I curve and several other
characteristics are to be measured through these
lines constantly.
(3) Measuring thrust due to the solar radiation pressure
(SRP)
! 1–2 mN of SRP force is expected to act on the
solar sail.
! The SRP acceleration is measured primarily by
means of orbit determination (OD) process.
(4) Establishing guidance and navigation technique for
solar sailing
! Steering the direction of the sail enables a con-
tinuous trajectory maneuver by SRP.
! Attitude control is achieved primarily by RCS.
IKAROS is also equipped with a newly developed
‘‘reflectance control device’’ (RCD) attached on the
surface of the sail.
The success criteria of the IKAROS project were defined
so as to effectively contribute to accelerate the realization
of the ‘‘solar power sail’’ concept. At the same time due to
the IKAROS’s very low budget, we have carefully tried to
keep the mission goals as clear and straightforward as
possible. The resulting success criteria we defined are
composed of two categories. The first two objectives ((1)
and (2)) are defined as ‘‘minimum success’’ of this
mission, whereas the rest two ((3) and (4)) are defined
as ‘‘full success’’ criteria. Minimum success must be
fulfilled to declare the acquisition of solar sail technology
by actual demonstration in space, and to step forward to
the full-scale solar power sail mission in the future. Full
success should be fulfilled to encompass all the essential
technologies for interplanetary solar sailing.
2.2. Trajectory design
IKAROS trajectory was constrained by the primary
payload, AKATSUKI, which aims at the Venus. It takes
about 180 days to reach and fly by the planet, after which
it continues its path by orbiting the Sun via solar sail. The
original ballistic trajectory injected by launch vehicle was
such that it exactly intercepts the Venus. IKAROS
Fig. 1. (Upper) IKAROS with solar sail fully extended. This picture was
taken by the deployable camera (DCAM) on June 14, five days after the
deployment of the solar sail. (Lower) IKAROS flight model in final
assembly phase.
Fig. 2. IKAROS trajectory towards the Venus. Upper figure is drawn in
J2000EQ inertial frame. Lower figure is drawn in the Sun–Earth fixed
frame. IKAROS will continue interplanetary cruise after the Venus
passage in December 2010.
Y. Tsuda et al. / Acta Astronautica 69 (2011) 833–840834
Figure 1.1: International space station and IKAROS solar sail [157]
formations is a growing area of research offering advantages that include the use of smaller, lighter,
redundant, and ultimately cheaper spacecraft with lower risks. In addition, free-flying formations
can provide variable baselines and can distribute payloads for fractionated and responsive architec-
tures [9]. The technical and logistical challenges of formation flight are being overcome with several
successful missions to date and numerous concepts in planning as will be introduced here [10; 82].
The proposed NASA Goddard Stellar Imager [11] and the NASA Jet Propulsion Laboratory
(JPL) study on the proposed Terrestrial Planet Finder [8] are two missions that intend to operate
a formation of spacecraft to create a sensor baseline in the kilometer range. An artist’s impression
of a potential Terrestrial Planet Find design is shown in Figure 1.2. In his concept an array of
craft are used to reflect the signals to a centrally located collector craft.
A promising future planet finder is the New Worlds Observer concept being researched by
Cash [15; 16]. This large formation mission proposes to operate a 30 m to 50 m diameter occulter
at a separation of approximately 40,000 km from a telescope craft. Figure 1.2 shows an illustration
of the occulter, which is flower-shaped to control diffraction, shading the distant star allowing the
4©!2006!Nature Publishing Group!
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Detection of Earth-like planets around nearby stars
using a petal-shaped occulter
Webster Cash1
Direct observation of Earth-like planets is extremely challenging,
because their parent stars are about 1010 times brighter but lie just
a fraction of an arcsecond away1. In space, the twinkle of the
atmosphere that would smear out the light is gone, but the
problems of light scatter and diffraction in telescopes remain.
The two proposed solutions—a coronagraph internal to a tele-
scope and nulling interferometry from formation-flying tele-
scopes—both require exceedingly clean wavefront control in the
optics2. An attractive variation to the coronagraph is to place an
occulting shield outside the telescope, blocking the starlight
before it even enters the optical path3. Diffraction and scatter
around or through the occulter, however, have limited effective
suppression in practically sized missions4–6. Here I report an
occulter design that would achieve the required suppression and
can be built with existing technology. The compact mission
architecture of a coronagraph is traded for the inconvenience of
two spacecraft, but the daunting optics challenges are replaced
with a simple deployable sheet 30 to 50m in diameter. When such
an occulter is flown in formation with a telescope of at least one
metre aperture, terrestrial planets could be seen and studied
around stars to a distance of ten parsecs.
A starshade suitable for planet hunting must be designed such that
the diffracted light is minimized. This means the sum of the phases of
the light from all the paths through and around the shade must be
extremely close to zero, implying a wide range of phases in the focal
plane. The number of extra wavelengths (ml) a ray must travel to
reach the centre of the shadow around an occulter of radius R at a
distance F is given by R2 ¼ 2mlF. Noting that R/F is the angular
diameter of the shade, the relation becomes R¼ 2ml=v: For planet-
finding v is 5 £ 1027, so a planet just 0.1 arcsec from its parent star
may be detected, and in the visible band l ¼ 6 £ 1027m. If m is at
least 10, then to create a large range of incident phases, Rmust be at
least 20m. So, based only on wavelength and planet–star angle, one
finds that the starshade must be a large distance (R/v < 40,000 km)
from the telescope. Conveniently, occulters with diameters of tens of
metres can also fully shade the large (up to 10m in diameter)
telescopes suitable for studying the planets.
A recent study of transmitting apertures showed it was possible to
efficiently suppress diffraction over a broad spectral band to the
10210 level very close to a stellar image7. The results had the further
key feature of being ‘binary’ (either fully transmitting or fully opaque
at each and every point), thus avoiding the problem of a partially
transmitting sheet that would be difficult to manufacture to the
needed tolerances and might reintroduce scatter. Then, a class of
circularly symmetric apertures was shown to enable suppression in
all directions simultaneously between some inner and outer working
angles8. These apertures could be made binary and still function well
by approximating the circularly symmetric fall-off with an array of
petal-shaped apertures.
By numerical integration of the Fresnel diffraction equations and
by subsequentmathematical derivation (provided in the Supplemen-
tary Information) I have shown there exists a class of shaping
LETTERS
Figure 2 | Achieved stellar suppression. The stellar suppression ratio of a
typical starshade is shown for three wavelengths: l ¼ 0.6mm, 1.2mm and
1.8 mm. The depth of the shadow is plotted versus the radius across the
bottom of the graph and against the effective angle across the top. The
transmission is nearly 100% just 0.1 arcsec off-axis, while the suppression
ratio is below the desired 10210 for the two shorter wavelengths at the centre
of the shadow. The design values are a ¼ b ¼ 12.5m, n ¼ 6, F ¼ 50,000 km.
Figure 1 | Schematic showing how a starshade in position against a nearby
star might appear. If a telescope of sufficiently good quality is stationed at
the centre of the shadow, it would see the shade outlined against the
zodiacal light of the target star system. At the base of each petal a small
amount of light from the parent star diffracts around the shade. Planets
simply appear as faint stars in the field of view. The shape of the starshade is
based on the parameters used to calculate performance in Fig. 2.
1Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA.
Vol 442|6 July 2006|doi:10.1038/nature04930
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Figure 1.2: Illustrations of the NASA Terrestrial Planet Finder formation [nasa.gov] and the New
Worlds Observer occulter shading a distant star to reveal orbiting planets [15]
telescope to view and study orbiting planets.
One of the leading applications for large-baseline space interferometery is observations from
Geosynchronous Earth Orbit (GEO). A study by Wertz of a GEO-based free-flying formation in-
dicates that an Earth surface resolution as low as 0.5-2 m is achievable with a viewable range of
almost 50% of the planet from that altitude [167]. Similarly, the Eyeglass concept is another inves-
tigation into a GEO-based very large aperture diffractive telescope, 25-100 m two-craft formation,
proposed for Earth surveillance. The Eyeglass diffractive lens is designed with a folded sequence,
similar to an origami layout, that is deployed on-orbit [60; 61]. These proposed missions give an
indication of the growing trend toward spacecraft formation use and capabilities.
Another application of formation flight is to enhance situational awareness capabilities. Local
inspection can be an invaluable feature when diagnosing spacecraft performance or monitoring
spacecraft surroundings and/or debris. An example is shown in Figure 1.1, where the JAXA
IKAROS mission ejected a free-flying camera to obtain final images and confirmation of its solar
sail deployment [157]. While providing amazing images, this ejection method only offers limited
formation flight capabilities as the one-time use camera did not feature any active control nor
5continued inspection. This would be advantageous for long term dynamical studies and stability
and monitoring sail deterioration. In addition, this ejection method is not practical for Low Earth
Orbit (LEO) and GEO because it only adds to the growing space debris problem.
The Prototype Research Instruments and Space Mission technology Advancement (PRISMA)
mission currently demonstrates advanced autonomous formation flying techniques [46]. Intended
to expand technology and knowledge of close proximity operations, the mission is developed and
operated by the European Space Agency (ESA). The spacecraft use Global Positioning System
(GPS) and vision-based sensors to perform proximity operations down to 3 m separations [22].
The “washing machine” size spacecraft is shown in Figure 1.3 along with another ESA formation
mission, Cluster which operates at separations of 100 to 1000’s of km [30].
Figure 1.3: The large formation of the ESA Cluster mission [esa.int] and the close proximity
operations of the ESA PRISMA formation mission [eoportal.org]
As PRISMA demonstrates, close formations flight is an important area of research. Specif-
ically, rendezvous and docking is the essence of close proximity formation flight. Rendezvous has
been a regular component of manned spacecraft missions since the Apollo era and research on
supporting technology and techniques continues to grow. Of significant importance here is the ex-
pansion and utilization of autonomous rendezvous and docking such as demonstrated with the ISS
and the ESA automated transfer vehicle and the JAXA H-2 transfer vehicle [174]. However, con-
ducting close proximity operations is problematic and requires significant research and development
6as demonstrated in the next section.
1.2 The challenges of formation flight
There are technological, implementation and operational challenges that must be overcome
prior to spacecraft formation flight becoming routine. Safety is of utmost importance when oper-
ating numerous spacecraft remotely and autonomously, particularly in close proximities. Detailed
here are some of the specific challenges of spacecraft formation flight.
A concern for formation flight operations is successful deployment of spacecraft that are
launched in a docked configuration. This particular aspect of formation flight is under investigation
by a joint effort between the Canadian Space Agency and JAXA. Their proposed, two nanosatellite
JC2Sat mission, aims to use differential drag to autonomously assist with spacecraft separation and
formation maintenance [80]. The mission plans to vary the attitude of the craft with respect to the
LEO velocity profile and use fixed drag panels to manipulate the resulting differential drag. This
separation technique is intended to alleviate the need for pyrotechnic devices on small spacecraft.
Challenges with free-flying craft are the complex dynamics, relative motion sensing and nav-
igation requirements. These challenges include the associated control strategies which can often
require high propellant usage to maintain accurate formations and consequently shortened missions
lifetimes. Close spacecraft formations, separated by less than 100 m, present particular mission
challenges. The complex relative dynamics require both very accurate relative position sensing and
frequent micro-Newton-level relative motion control maneuvers to maintain formation and ensure
collision avoidance. If conventional inertial thrusters such as chemical or electric propulsion sys-
tems are used, care must be taken at these separation distances to ensure exhaust plumes do not
impinge on other craft and contaminate sensors and structural components. Additionally, the use
of chemical thrusters with a finite propellant supply can significantly limit the operational life of
the formation.
Over the past decade, several novel, essentially propellantless relative motion control concepts
have been presented. These include the use of electromagnetic and flux-pinning formation flying [71;
744; 91] as well as formations maintained with Lorentz forces [109]. Electromagnetic applications
intend to use electrical currents to induce magnetic fields about superconducting coils on each
spacecraft. Interactions of the magnetic fields is used to control relative attitudes and separations,
as well as absolute positioning utilizing the Earth’s magnetic field. The research for these proposed
techniques is being pursued, however the limitations to these concepts are the high power and mass
requirements. This dissertation research looks at an alternative formation flight control technique
using electrostatic (Coulomb) forces.
1.3 Coulomb formation flight
One attractive method of performing relative position control of close spacecraft formations
is with Coulomb forces. John Cover proposed the use of Coulomb forces in space in the 1960’s as a
means to inflate large-scale parabolic antennas [20]. Images of the proposed concept from the 1966
Patent are shown in Figure 1.4. As shown in the figure, a charging source is used to inflate the
electrically conductive surfaces with a repulsive or attractive Coulomb force. By holding a charge
the reflector maintains its position relative to the radio frequency feed. It was proposed that a 30-40
foot diameter reflector at GEO requires potentials on the order of one to several tens of kilovolts
and watt to kilowatt levels of power depending on the environment [20].
In 2001, King and Parker proposed the use of Coulomb forces to control a free-flying formation
of spacecraft to develop a 20-30 m size array for interferometry from GEO [69]. Using an active
charge emission device the charge of each craft is controlled to manipulate the Coulomb forces to
desired levels. Their study concludes that it is feasible to operate a Coulomb controlled formation
mission and the concept warrants further analysis. Saaj performed a study for ESA based on
the utilization of electrostatics to navigate and reconfigure swarms of spacecraft [124]. Supporting
work included autonomous assembly of large space structures with Coulomb forces by Izzo and
Pettazzi [63], as well as the hybrid application of electrostatics with conventional thrusters to
control formations by Saaj and Lappas [122].
This dissertation research builds upon this prior work and further examines the use of elec-
8Figure 1.4: Illustrations of space antenna concepts utilizing electrostatic inflation from a 1966
Patent by John Cover [20]
trostatic actuation for spacecraft relative motion control. An illustration of a simple two-spacecraft
formation using Coulomb forces for separation distance control is shown in Figure 1.5. In this
concept, the potential of each craft is controlled to produce an attractive or repulsive Coulomb
force between each craft, depending on the relative polarities. A charge emission device is used for
active charge control, with examples given in Chapter 2. The details of Coulomb force generation
are presented in Chapter 3.
Coulomb Formation Flying (CFF) is an emerging concept that addresses free-flying chal-
lenges [130]. It offers adjustable forces to control the complex relative dynamics [69; 70]. The
inter-spacecraft forces are created by manipulating the spacecraft potential with continuous cur-
rent emission from a charge control device. The resulting Coulomb thrust with its micronewton
to millinewton force levels is generated virtually propellantless. Additionally, the charge control
devices require only watt-levels of power and are space-proven [69; 70; 137]. The CFF technique
also avoids close proximity plume impingement concerns (the contamination of sensors and systems
from propellant). Conventional thrusters for larger and non-line-of-sight corrections and inertial
9Active charge 
emission
Sensor 
field of view
Charged
spacecraft
Coulom
b 
force Impulsivethrust
+
+
+ +
+
+
+
+
+
++
+
-
- -- -------
-
-
-
---
-
--
++
+ + + ++
+
Active charge 
emission
Figure 1.5: Two-craft Coulomb formation flight concept; active charge emission is used to charge
craft to kilovolt-level potentials to control the separation distance with Coulomb forces3
maneuvers may still be used.
While the CFF craft manipulate charge with hardware devices, spacecraft will also naturally
charge due to the interaction with the local plasma environment. Orbital missions such as Spacecraft
Charging AT High Altitudes (SCATHA) and the Applications Technology Spacecraft (ATS-6) were
designed and launched specifically to characterize and quantify the extent of natural spacecraft
charging [89; 95; 169]. On-orbit studies such as these have established that a GEO spacecraft can
naturally charge to kilovolt-level potentials [32; 96]. Natural spacecraft charging is an ongoing
extensive study as it can lead to undesired operational consequences [55; 117]. As an example, a
review by the Aerospace Corporation indicates that 161 out of 198 documented environment-related
anomalies are a consequence of spacecraft charging [32; 72].
Even when operating in a variable plasma environment, spacecraft charging can be safely
handled, prevented and rectified allowing on-going space operations. This has been demonstrated
on-orbit with missions such as Equator-S [43; 155], the formation Cluster [154] and Space Power
Experiment Aboard Rockets (SPEAR 1) [66; 67; 105]. The ESA Cluster spacecraft that are
3 Model of DANDE spacecraft courtesy of Colorado Space Grant Consortium
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investigating the Earth’s magnetosphere and solar wind interaction require very precise potentials
down to the volt-level to not bias scientific measurements [154]. The CFF concept would ultimately
employ flight heritage charge control technology such as this. Furthermore, it is the absolute
potential of the craft that produces the Coulomb force, so natural charge levels can be utilized and
then modified as necessary to perform operational maneuvers.
One limitation of a Coulomb spacecraft formation is the natural charge shielding that occurs
from the plasma environment. A charged craft will interact with the free-flying particles of the local
plasma and the effective force between the craft is reduced. For this reason, it is most favorable
to use Coulomb control at altitudes of GEO or above and with formation separation distances
less than 100 m [69]. At GEO altitude (approximately 35,786 km), the plasma is sufficiently hot
and sparse with minimal shielding to enable Coulomb thrusting when operating with spacecraft
separations of dozens of meters and kilovolt level potentials. The LEO plasma is colder and more
dense causing higher shielding and making the use of Coulomb thrust challenging for free-flying
charged objects [69; 113]. Further details of the GEO plasma conditions and shielding properties
are given in Chapter 2.
A concept that evolved from the Coulomb formation flight principles is the Tethered Coulomb
Structure (TCS). Structures are generated by connecting spacecraft nodes with fine, low-mass
tethers and inflating the system with repulsive Coulomb forces. This creates a semi-rigid structures
by charging the craft to kilovolt-level potentials. The structure can be launched and deployed in
a compact configuration and dimensions modified by varying the tether lengths. Like the CFF
concept, this is to be implemented at GEO altitudes and above with separations of dozens of
meters between nodes. It is envisioned that large structures of hundreds of meters are developed
with a network of tethered and charged nodes. The stiffness capabilities, disturbance rejections,
and power and propellant requirements are analyzed in Chapter 7.
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1.4 Motivation of research
Spacecraft formation flight is a fundamental element of space utilization and will continue
to grow with future science, communication and energy pursuits. Integral to these efforts are
the practical applications that require flying in close proximities such as rendezvous, docking and
situational awareness. To address these future needs, Coulomb formation flight is a promising
concept however; it requires further investigation and development.
An essential step to maturate the CFF concept is the ability to apply the concept to hardware
and perform relative motion experiments. Developing and implementing a testbed dedicated to
electrostatic actuated motion studies provides abundant knowledge that is not obtainable with
purely numeric or theoretical studies. A testbed offers a platform to explore the intricacies of
generating and utilizing Coulomb thrust, appreciating charging characteristics and their limitations
and directly studying the application of closed-loop charge control algorithms.
Potential applications and technical aspects that benefit from a Coulomb formation flight
testbed include:
• Further development of terrestrial charging hardware and actuation
• Verification of Coulomb formation flight control algorithms
• Verification of electrostatic rendezvous, docking and collision avoidance maneuvering
• Further development of isolated and embedded on-board vehicle electronics
• Further development of inter-vehicle communications and information distribution
• Further development of absolute and relative motion sensing and navigation
• Verification of charged relative motion estimation techniques and capabilities
• Increased understanding of charged tethered spacecraft studies
• Increased understanding of shape and attitude dependent electrostatic forces
12
• Increased understanding of membrane and structural inflation with Coulomb forces
Fundamentally, a terrestrial testbed for Coulomb controlled relative motion studies is sought.
1.5 Goals of research
This dissertation research focuses on the goal of developing a dedicated one-dimensional (1-D)
testbed and implementing Coulomb relative motion control. The primary outcomes to be achieved
throughout this research endeavor are:
I. Develop an experimental apparatus and perform relative motion actuation with Coulomb
forces in a terrestrial atmospheric environment
II. Identify, quantify and mitigate external disturbances to 1 millinewton allowing Coulomb
forces to dominate
III. Produce a model of the testbed terrestrial Coulomb force and compare experimental at-
mospheric interactions to expected space-based Coulomb force shielding
IV. Perform autonomous feedback position control experiments with Coulomb forces
1.6 Related work
A detailed description of the literature related to the objectives of this research is presented
here. This is divided into the theoretical and numerical studies focused on the advancement of CFF
as well as existing testbeds that are currently used for spacecraft formation flight research.
1.6.1 Theoretical and numerical studies
Analytic studies in support of Coulomb formation flight is a growing area of research. Berry-
man and Schaub investigated the use of Coulomb control to create static equilibrium configurations
in orbit [6; 7]. This includes analytic two- and three-craft charged relative equilibria in a rotating
Hill frame [7]. This was later expanded to three dimensions with four-craft relative equilibria by
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Vasavada [158]. Further work on the charge solutions for invariant shape, three-craft formations is
developed by Hogan [56; 57]. While relative equilibrium solutions for Coulomb spacecraft clusters
have been developed these open-loop equilibria are naturally unstable and so far only marginally
stable behavior has been found for a three-craft Coulomb formation under specific conditions [57].
To implement a two-craft Coulomb formation it is essential to introduce feedback control.
Natarajan in Reference [100] develops a control strategy that stabilizes the motion of two craft
about an orbit radial alignment while maintaining a fixed separation distance. The details of a
restricted 1-D Lyapunov-based Coulomb control regime developed for three craft operating in a
linear configuration are shown by Wang [164]. Similarly, he analyzes the feasible regions of the
1-D constrained control operation that can be implemented and ensures that the spacecraft charge
levels remain realistic and do not saturate in Reference [162], important considerations for hardware
implementation. In Reference [161], he specifically develops a 1-D collinear position control that
could be directly implemented on the 1-D Coulomb testbed. To date, none of these 1-D control
techniques have been verified or tested experimentally.
Further applications such as control of a three-craft, triangular formation is problematic as
it does not have an equilibrium charge solution. Wang addresses this triangular configuration
with a switched control strategy that is applied by updating the worst of the two triangular sides
and is shown to have global stability [163]. He then takes the Coulomb control strategies a step
further in Reference [165] by implementing a stable, two-craft spinning configuration in a GEO
environment rather than deep space. This control law is developed with both full-state feedback
and a more realistic partial-state feedback law that is shown to be stable under fast spinning
conditions. In addition, a control law for two-craft in an orbit-radial configuration about circular
orbits and libration points is implemented with both Coulomb and electric propulsion thrusting
and differential solar radiation perturbations by Inampudi [62].
There is also a number of research efforts supporting the control of swarms of spacecraft. Pet-
tazzi et al. propose the use of a hybrid propulsive system that utilizes both conventional thrusters
and Coulomb forces to control spacecraft formations [111]. Izzo and Pettazzi apply the hybrid
14
propulsion system to autonomous, self-assembly of structures and demonstrate the fuel savings of
implementing electrostatic forces. A feedback control law is developed that autonomously positions
a swarm of N spacecraft, however it does require the hybrid system as this cannot be done with
purely electrostatics [63]. Collision-free path planning with an artificial potential field and imple-
mented with a sliding mode control strategy is demonstrated with the hybrid propulsion system by
Saaj [122]. A preliminary investigation into spacecraft and plasma interactions is provided along
with a set of requirements on the charge emission system necessary to perform formation control
in Reference [112].
Coulomb application studies have also expanded to large debris removal at GEO. Schaub
and Moorer present a concept that uses CFF to tug and re-orbit a debris body without needing
inter-spacecraft contact [129]. In a similar Coulomb tractor application, Murdoch and Izzo present
the use of an electrostatic tug to deflect 100 m size, near Earth objects [97]. A number of these CFF
theoretical studies would benefit from having a dedicated testbed allowing technology advancement.
A requirement of all theoretical studies is a model of the Coulomb force between finite bodies
in a plasma. The interaction between charged bodies and a plasma and the resulting Coulomb forces
are complex even for simple spherical shapes. For detailed modeling finite element, electrostatic
solvers are typically used, however, while accurate they only provide a static force solution. For
simplicity in theoretical developments the analytic vacuum Coulomb force point charge model is
used [112; 161] and has validity in certain applications, albeit over estimates the force in a plasma.
It is unknown what analytic force model was used by Cover in his patent for antenna inflation,
but it may have been a point charge approximation that included plasma shielding [20]. Common
practice is to use the conservative Debye-Hu¨ckel force model, as it is an analytic representation
that accounts for the partial shielding of a plasma between point charges, as used by King, Izzo,
Saaj, Lappas, Peck, and Schaub [69; 63; 123; 81; 131]. These studies use point charges and do not
consider the capacitance changes of having finite bodies in close proximity in a plasma. To more
accurately capture the true force between charged objects in a plasma, Murdoch presents the use of
an effective Debye length in Reference [97] to use in a Debye-Hu¨ckel force model. Ultimately there
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are further developments to be made with analytic modeling of Coulomb forces between bodies,
particularly in non-vacuum environments. This is one direct application that can be investigated
with a testbed.
1.6.2 Existing formation flight testbeds
Schwartz provides a comprehensive overview of the history of air-bearing testbeds for uses
such as spacecraft attitude and motion experiments [134]. There are also existing terrestrial testing
platforms dedicated to spacecraft formation flight concepts. These include the NASA JPL formation
control testbed [127] and Marshall Space Flight Center flat floor testbed [17]. These testbeds
provide flat, near frictionless operating surfaces that allow terrestrial relative motion and attitude
experiments using air-bearing support. These testbeds are designed for large spacecraft systems
with well-known dynamics and relative motion actuation devices with Newton-level and greater
thrusting. One limitation to using these testing laboratories for CFF is the associated high costs
and impracticality of using a Government-based facility for a University-level research project.
On a smaller scale, Peck has developed the FloatCube testbed at Cornell University to support
the development of the flux pinning formation flight concept [171]. It features air levitated plat-
forms that provide two translational and one rotational degree of freedom. The Massachusetts In-
stitute of Technology (MIT) Synchronize Position Hold Engage and Reorient Experimental Satellite
(SPHERES) formation flight program features a low-friction flatbed [17; 90]. The 4 kg SPHERES
spacecraft have thrusters that operate at the low millinewton level to as great as 110 mN [87].
Terrestrial testing however was only marginally successful as the thrust “had difficulty overcoming
the stiction, friction and slope irregularities of the table” [87]. Subsequent to these early experi-
ments, the SPHERES craft are successfully operating in the zero-gravity environment within the
ISS [18]. MIT also developed a flat surface testbed with large superconducting coils, cooled to 77
K, to support the electromagnetic formation flight development [126]. The force magnitudes are
not published; however given the vehicles have a 36 kg mass and operate within separations of
meters, the forces are likely to be in the Newton-level range [73].
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The University of Illinois at Urbana-Champaign performs vacuum testing on the deployment
of film for a proposed solar sail system [173]. The concept uses a formation of craft to reel out
polyimide films that are stowed in a central craft. The testbed is used to study the forces on release
as well as investigate different film materials [173]. In another spacecraft mechanism testbed,
Stanford University uses a flat surface for testing future space manipulators and link-arms for
construction purposes [133].
Stanford University also has a 9 × 12 foot granite table with three vehicles that is used
as a formation flight testbed [1; 5]. The group is also performing terrestrial 3-D formation flight
experiments using blimps [5]. In an equally novel approach the University of Southern California
uses small model helicopters as a platform to verify spacecraft formation flight algorithms [98]. The
University of Southampton, UK, also features a flat floor and has developed spacecraft mockup
frames dedicated to formation flight experiments [159]. Again, all these testbeds operate with force
actuators in the Newton range and with well-modeled dynamics.
1.7 Testbed challenges
The development and effective use of a relative motion testbed is not a trivial task. The
specific challenges to implementing electrostatic actuation for relative motion control are highlighted
in this section.
For the terrestrial Coulomb testbed, the electrostatic forces are on the order of tens of
millinewtons. At these magnitudes a significant challenge is obtaining a sufficiently high actua-
tion signal to noise ratio, where the terrestrial Coulomb forces can overcome numerous external
interferences. Due to these relatively low Coulomb force magnitudes, there is a need to have an
extremely low disturbance environment to perform charged relative motion experiments. Further
information on the disturbance forces acting on the testbed and techniques used for mitigation are
provided in Chapter 5.
In addition, models of the forces between charged bodies are limited. Analytic Coulomb force
models between charged bodies in a vacuum are derived and presented in Chapter 3. However,
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operation in a plasma or a terrestrial atmospheric environment increases complexity. In a plasma the
Coulomb force can be computed by solving the full Poisson’s equations with numerical solvers and
finite element analysis. This is not efficient or even practical for computing the force values between
dynamically moving bodies with varying charge levels and changing environments even if they are
just spheres and not complex spacecraft. Analytic approximations for the plasma environment are
available and implemented here. To model the terrestrial testbed forces the feasibility of applying
the plasma model to experimental results is demonstrated in this dissertation.
In order to perform Coulomb actuation on a terrestrial testbed some of the critical challenges
that need to be addressed include:
• Operation in standard laboratory atmospheric environments
• Mechanical disturbance force magnitudes below the minimum Coulomb forces (< 1 mN)
• External electrostatic interferences either removed or characterized
• Limited to the use of non-conducting and electrostatic-inert materials
• Limited models of terrestrial charged forces in an atmospheric environment
• Low mass vehicles (< 1 kg) to allow reasonable acceleration magnitudes
• Safe control and operation of electrostatic potential sources (10’s kV)
• Low-cost development, test and operation
Existing and commercial testbeds are quickly dismissed as options for CFF development
as they do not meet many of the above challenges. Disturbance and friction levels are typically
significantly higher magnitude than the actuation Coulomb forces. In addition, they often feature
metallic components and/or high mass vehicles with auxiliary air support systems.
To implement Coulomb actuated relative motion studies it is paramount to design and de-
velop a unique testbed, dedicated to the purpose of meeting these challenges. The testbed at the
University of Colorado at Boulder provides a platform to investigate charge implementation and
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actuation, and environmental interactions in a low disturbance environment. These are aspects
of the CFF concept that require meticulous examination prior to space-based implementation and
cannot be isolated on existing formation flight testbeds.
The design, construction and implementation of a one-dimensional (1-D) Coulomb testbed is
the focus of this dissertation research. Autonomous feedback control repositioning of a vehicle on
the testbed using electrostatic actuation is demonstrated. Using experimental results and sensing
equipment, disturbances acting on the testbed are quantified and mitigated and the causes of
electrostatic interference are identified. This leads to the development of a new model of the
Coulomb forces in the laboratory atmosphere based on the space-based plasma force model. This
allows direct comparison between the partial force shielding of the terrestrial forces to the space
plasma force.
1.8 Overview of research
The development of a dedicated Coulomb testbed provides a wealth of knowledge on electro-
static formation flight actuation and ultimately advances the overall prospects of the CFF concept.
The testbed provides a platform to explore the complexities of autonomous charged motion control,
which is an expansive scope of study. This entails analysis of electrostatic force generation, partial
charge shielding, electrostatic field interactions, material and shape studies, surface charge distribu-
tion, and arcing. This can also be extended to testing applications such as charge feedback control
strategies, development of embedded electronics, and inter-craft communication with vehicles that
can accommodate variable ground levels.
In order to achieve the four main goals presented in Section 1.5 a number of tasks require
completion. In this section the goals are further expanded along with details of the specific tasks
that are investigated with this dissertation research.
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1.8.1 Perform terrestrial electrostatic relative motion experiments
It is demonstrated that there is a need for a dedicated testbed for Coulomb actuation ex-
periments. In this dissertation, a testing platform is implemented with surfaces that hold an
electrostatic charge and generate Coulomb forces between them. The details of the design and con-
struction of a frictionless 1-D track is given. Featuring a moveable cart, accurate position sensing,
and electrostatic power supplies, the testbed is used as a platform to successfully perform relative
motion control with Coulomb forces.
1.8.2 Quantify and mitigate external disturbances
With only tens of millinewtons of actuation force, it is essential that external disturbances
are mitigated or reduced. Primary mechanical disturbance forces are quantified and where possible,
these perturbations are mitigated. Similarly, the electrostatic interferences need to be identified
and removed or reduced. Disturbance mitigation is required to increase the actuation signal to
noise ratio and allow the Coulomb forces to dominate during experiments. External perturbations
are reduced to a consistent 1 millinewton noise level along the entire length of track.
1.8.3 Model terrestrial Coulomb forces and compare atmospheric interactions to
shielding from a space plasma
Minimizing the disturbance environment allows advanced analysis of experimental response
and model fitting. A prerequisite to Coulomb force modeling in a plasma or terrestrial environment
is to understand Earth orbit plasmas and interactions with charged spacecraft. This is conducted
along with an overview of the models used for computing the Coulomb force between spheres, in
close proximity, in these different environments. To quantify and compare the plasma and at-
mospheric force models, space-like plasma parameters are fitted to the terrestrial, fixed-potential,
one-way, experimental data. This identifies to what degree the atmospheric interactions and re-
sulting charge shielding compares to the expected space-based, Debye charge shielding.
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1.8.4 Perform autonomous feedback position control experiments
With Coulomb actuation demonstrated on the testbed, an advancement is to implement
position control. Through position sensing feedback, the charged surfaces are autonomously con-
trolled to specific potential levels, manipulating the Coulomb force on the cart. For autonomous
position control it is crucial that the hardware and driving software can promptly switch potential
polarities on the testbed. Prompt polarity switching provides controllable repulsive and attractive
forces. The performance of these position control experiments are directly compared to predicted
performance that is simulated using the terrestrial Coulomb force model.
1.9 Thesis overview
The dissertation is organized as follows. Chapter 2 details measurements of Earth orbit
plasmas collected by spacecraft, and introduces modeling of these plasmas. Plasma interactions
with spacecraft, such as natural charging, are quantified and a review of active charge control
in space is performed. Starting with the Coulomb force between spheres in close proximity in a
vacuum, a proposed analytic representation of the force between spheres in a plasma is derived
in Chapter 3. This plasma force model forms the basis of the terrestrial Coulomb force model.
Utilizing the relative motion of charged craft in space, Chapter 4 analyzes the effectiveness of
estimating plasma environment and charge parameters using the plasma force model. Chapter 5
presents the design and development of the Coulomb testbed apparatus and identification and
mitigation of disturbances. The results of charged relative motion experiments are documented in
Chapter 6, including an application of the testbed that mimics the relative dynamics of constrained
1-D orbital motion. In this chapter, the fitting of parameters of the terrestrial force model to one-
way charged experiments is conducted. A simulation using this force model is then compared to
autonomous position control experiments. To encapsulate the developments of this dissertation, a
theoretical application of the CFF concept known as the Tethered Coulomb Structure is presented
in Chapter 7. Finally, concluding remarks and potential follow-on work is given in Chapter 8.
Chapter 2
Earth orbit plasmas and spacecraft interactions
There are multiple theoretical and implementation facets to be explored and developed in
order for the Coulomb formation flight concept to be demonstrated in orbit. Supporting this con-
ceptual development, this dissertation explores the utilization of Coulomb forces for relative motion
actuation in a terrestrial environment. Preceding hardware implementation, knowledge of the con-
cept is essential. To study the applications of Coulomb forces in space it is necessary to understand
the environmental plasmas of Earth orbit. This allows investigation into the interaction of energetic
particles (plasma) with spacecraft materials and the resulting natural spacecraft charging as well
as computation of the partial force shielding. These topics of spacecraft Earth orbit plasmas and
natural and artificial charging are investigated in this chapter.
2.1 Earth plasma environment
An overview of the Earth’s plasma constituents is given to provide insight to spacecraft
interaction. A plasma is a medium made up of ionized and neutral particles. The Earth’s immediate
neutral environment of the lower atmosphere becomes an ionosphere at around 50 km with electrons
e− and primarily NO+ and O+2 ions and peaks in density around 300 km to 350 km with primarily
NO+, O+2 , and O
+ ions [113]. At this altitude the peak density is approximately 1011 m−3 and the
thermal energies are typically in the range 0.1 eV to 1 eV [115]. Altitudes above this, the densities
decrease and temperatures increase and the ion population is primarily N+, O+, and H+. With
increasing altitude the ionosphere then transitions into the plasmasphere and by GEO altitudes
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the plasma is made up predominantly of singly charged protons (H+) and free electrons [54; 113],
with plasma density and temperature properties provided in detail later in this chapter. At GEO
the ratio of O+/H+ is typically less than 0.25, however this can increase toward parity during high
solar activity [28].
2.1.1 Plasma Debye lengths
The composition and properties of an Earth orbit plasma determines the extent of interactions
with a spacecraft. One method of quantitatively comparing plasmas is with the Debye length (λD).
It is a dimensional scale computed from the temperature and density of the local plasma [113].
The sphere of influence of a charged body is defined by the Debye sphere that a radius of
one Debye length. This plasma sphere of influence is illustrated in Figure 2.1. Inside the Debye
sphere the free-flying plasma particles are influenced by the charged body electric fields (E-fields)
and screen the potential field so that outside the Debye sphere the charge is effectively shielded.
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Figure 2.1: Illustration of actively charging spacecraft in a plasma
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The plasma Debye sheath is the region beyond which charged bodies have minimal influence
on the plasma [97]. Outside the sheath, which can be multiple Debye Lengths, the plasma is at its
unperturbed equilibrium state. The plasma Debye length is important in this dissertation and in
Coulomb formation flight studies as it parameterizes the screening of the E-fields of a charged body
in a plasma. The Debye length indicates the limits of spacecraft separations for relative motion
with Coulomb forces.
The Debye length is calculated with the densities of the plasma electrons and singly ionized
species, ne & ni in m
−3, as well as their respective temperatures Te & Ti in Kelvin, using the
general expression [113]:
λD =
√
0κ/e2c
ne
Te
+
∑
i
ni
Ti
(2.1)
where 0 = 8.854× 10−12 C2N−1m−2 is the permittivity of vacuum, κ = 1.381× 10−23 JK−1 is the
Boltzmann constant, and ec = 1.602× 10−19 C is the elementary charge. The focus of this research
is on the GEO plasma environment, which is primarily composed of H+ ions so the Debye length
equation reduces to:
λD =
√
0κ/e2c
ne
Te
+
nH+
TH+
(2.2)
If the plasma energies of electrons and ions are equivalent (Te = Ti) then the accelerations of
the ions are significantly less in the presence of a charged object, due to their larger mass (ion mass
mi = 1.672× 10−27 kg, electron mass me = 9.110× 10−31 kg). For this reason it is often common
to neglect the influence of ion species altogether and have a Debye length that is purely a function
of the local plasma electrons. This is suitable when the timescales of the process are short relative
to the mobility of the ions [59]:
λD =
√
0κTe
ne2c
(2.3)
At GEO the plasma has Debye lengths ranging from 4 m to 1000 m with a nominal value
of approximately 200 m [69; 137]. Debye lengths of this scale allow the use of Coulomb repulsion
when operating with spacecraft separations of dozens of meters at GEO. The Low Earth Orbit
(LEO) Debye lengths are typically at the cm level and the interplanetary medium is typically
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at the meter level [74; 97; 113]. This chapter further explores the characteristics of Earth orbit
plasmas and the models used to describe them. When describing the thermal characteristics of a
plasma, the thermal energy in electronvolts (eV) is a common designation. In this dissertation, the
thermal energy of the plasma is assigned the variables T with units of eV and can be converted to
temperature, in Kelvin, with the Boltzmann constant and an electron charge using the expression:
Te = κ
ec
Te
2.1.2 On-orbit plasma measurements
There have been a number of spacecraft that have studied the plasmas of Earth orbit. This
section details the representations of the GEO plasma parameters (densities and temperatures)
and the corresponding Debye lengths based on these space measurements. Detailed plasma mea-
surements with dedicated spacecraft and instruments date back to the 1970-80’s with the Space-
craft Charging AT High Altitudes (SCATHA) and the Applications Technology Spacecraft (ATS-5
and ATS-6) missions. Interpretation of this data comes from Purvis [117], Tribble [156], and
Pisacane [113]. Data obtained from the Magnetospheric Plasma Analyzer (MPA) instruments
onboard the Los Alamos National Laboratory (LANL) spacecraft are also used. These LANL
spacecraft currently operate at a range of longitudinal locations around the GEO belt. An example
of the electron and ion distributions measured by the ATS-5 spacecraft on 9/30/1969 is shown in
Figure 2.2.
A single Maxwellian distribution that uses a nominal density and velocity value to represent
the GEO plasma environment is common. This model can be limiting however, as the plasma
conditions vary greatly and are comprised of a broad range of particle energies [26]. The GEO
plasma environment can rapidly fluctuate and can be flooded with high energy particles, with
mean values as high as a few tens of keV. The local plasma conditions are heavily dependent on
the local time as well as the geomagnetic activity which is driven by solar interactions [54]. Denton
in Reference [28] demonstrates with LANL MPA measurements that during solar minimum the
expanding plasmasphere can cause average electron densities to grow a factor of two or more.
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Figure 2.2: GEO Electron and ion energy distributions measured by ATS-5 on 9/30/1969, with
single and double Maxwellian fits (From: Garrett [42])
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Solar storms can occur at anytime and can cause very abrupt changes in the plasma en-
vironment. These storms can lead to significant spacecraft charging and anomalies, as well as
abrupt Debye length variations. Similarly, high speed solar winds can drive higher temperature
(and consequently larger Debye lengths) into the magnetosphere, particularly in the declining solar
cycle phase. However, for the purposes of the dissertation research a single Maxwellian distribution
describing the local GEO plasma environment is suitable and is used. A single Maxwellian fit for
electron and ion distributions is shown in Figure 2.2.
A GEO spacecraft will not only encounter variations in its local plasma environment, but
it also will travel through different regions of Earth’s magnetosphere. All of these regions are
comprised of different plasma conditions and the Debye lengths can be substantially different. As
an example, Figure 2.3 highlights the magnetospheric regions a spacecraft at GEO could encounter
over the course of one day. This figure shows the distribution of samples an MPA instrument on
a LANL spacecraft made as a function of time. An average value of the Debye length for each of
these magnetospheric regions is also shown in the legend to illustrate the variability in the plasma
properties [115]. This is a representative plot from one of the spacecraft,1 averaged from a sample
of days in 1992 which covers the maximum intensity of solar cycle 22. So, while this does not
directly resemble a nominal GEO, it indicates that conditions can vary greatly at GEO [58; 166].
In order to capture the influence of all these GEO plasma conditions, three representative
GEO plasma conditions are used for this analysis (quiet, nominal, and disturbed). Although single
Maxwellian distributions are used, these three plasma conditions define the extreme bounds and
nominal operating environments a GEO spacecraft will encounter on-orbit. Nominal conditions
cover the typical environment at GEO, while disturbed conditions resemble large Debye lengths
due to high temperature plasma injections. The quiet conditions cover times when the lower
altitude plasmasphere pushes up to the GEO region [29]. While rare, during these conditions the
lower energy, higher-density plasma that enters GEO results in shorter Debye lengths.
The very quiet conditions are considered the “worst-case” for the Coulomb formation flight
1 MPA Data, Los Alamos National Laboratories, http://www.mpa.lanl.gov/data.shtml, 10/05/09
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Figure 2.3: Distribution of samples from each magnetospheric region (with corresponding average
Debye length) made by a LANL MPA instrument at GEO as a function of local time (Adapted
from: McComas [88])
concept as they lead to significant shielding and reduced force magnitudes as well as higher power
requirements. In the literature the term “worst-case” has different connotations depending on the
operating scenarios. For GEO spacecraft operators that are concerned with charging the nominal
higher energy, lower density plasma (large Debye lengths) is most detrimental as it leads to natural
spacecraft charging and associated issues that are investigated in Section 2.2.
2.1.2.1 Nominal GEO plasma parameters
Table 2.1 gives the plasma conditions and resulting Debye lengths from a range of sources
and different spacecraft instruments. The Debye lengths given in Table 2.1 are calculated using
Equation 2.3 and are shown in graphical form in Figure 2.4. For representative plasma conditions
where no ion data is available it is assumed that the plasma is in a net neutral state and ions have
the same values as the electrons.
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Table 2.1: Nominal and disturbed GEO plasma parameters and Debye lengths
Source Te ne Ti ni λD
(eV) (cm−3) (eV) (cm−3) (m)
A-Purvis [117] 12 1.12 29.5 0.236 738
B-Tribble [156] 10 1.7 14 1.85 427
C-LANL MPA solar min 1.45 0.45 10 0.6 386
D-Tribble [156] 2.4 1 10 1 327
E-Garrett [42] 0.67 1.6 0.55 1.82 277
F-Pisacane [113] 0.86 10 0.86 10 49
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Figure 2.4: Debye lengths in nominal and disturbed GEO plasmas based on space measurements
These plasma representations come from interpretations of the SCATHA, ATS-5, and ATS-6
data from Purvis [117], Tribble [156], Garrett [42], and Pisacane [113] during disturbed and nominal
GEO plasma conditions. Data set A is based on an analysis by Purvis and covers the disturbed GEO
conditions. Similarly, data set B by Tribble is also based on an injection of high temperature plasma
from a solar substorm. The LANL MPA data of set C is obtained from averaging the total data
from multiple spacecraft. This is computed for a six month period during 1996 (solar minimum) for
the low energy particle measurements and is only representative. These values correlate with the
more detailed analysis of LANL MPA measurements by Thomsen and Denton that cover full solar
cycles [28; 150]. Data sets D, E and F represent an average of the nominal GEO plasma conditions.
29
2.1.2.2 Quiet GEO plasma parameters
The nominal plasma Debye lengths that are tens to hundreds of meters are ideal for CFF
operations. However, the GEO plasma can experience times of low activity where the densities
increase and the temperatures are lower. These quiet times are the worst-case operating conditions
for a CFF system as the highest levels of partial force shielding are encountered. Representa-
tive GEO plasma parameters for these quiet times is obtained from data measurements on ATS,
SCATHA and LANL spacecraft and shown in Table 2.2 and graphically in Figure 2.5.
Table 2.2: Quiet GEO plasma parameters and Debye lengths
Source Te ne Ti ni λD
(eV) (cm−3) (eV) (cm−3) (m)
G-LANL MPA high density 0.7 70 0.7 100 15
H-Davis [23] 2.7 0.6 5.6 2.4 9
I-Lennartsson [83] 4 5 4 5 5
J-Davis [24] 0.1 100 0.1 100 0.2
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Figure 2.5: Debye lengths in quiet GEO plasmas based on space measurements
Data set G is data from MPA instruments on the LANL spacecraft. This is a storm spike
condition, which is computed based upon a particular solar geomagnetic storm that occurred on
April 7, 2000. This was an influx of energetic particles that resulted in a short-term (minutes)
spike in the local GEO plasma densities, significantly reducing the Debye length. The remainder
of the quiet plasma data is interpreted from Davis [23] and from the extensive “Spacecraft Surface
Charging Handbook” [24] as well as Lennartsson [83]. Data set J from Davis is from a very specific
eclipse event in 2001.
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2.1.3 Representative plasma parameters for this research
Taking into account the data from each of the spacecraft measurements at GEO and the
interpreted single Maxwellian representations, an approximate average is used in this research study
for simplification. Table 2.3 lists the plasma temperature and densities and corresponding Debye
lengths for the nominal plasma as well as the two extreme bounds (quiet, disturbed) that bound
the plasma operating regime experienced at GEO. Also included in this table is a representation of
the average conditions for a LEO nominal plasma environment [113]. The International Reference
Ionosphere (IRI-86) indicates that LEO has a minimum Debye length of 0.12-0.17 cm [33]. With
this significantly shorter Debye length the enhanced charge shielding makes it challenging to use
Coulomb forces for free flying formations at LEO.
Table 2.3: Representative GEO and LEO plasma parameters and Debye lengths
Conditions Te ne Ti ni λD
(eV) (cm−3) (eV) (cm−3) (m)
GEO Quiet 3 10 3 10 4
GEO Nominal 900 1.25 900 1.25 200
GEO Disturbed 1e4 1 1e4 1 743
LEO Nominal 0.2 1× 105 0.2 1× 105 0.01
These representative Earth orbit plasma conditions are used for all computations in this
dissertation. Understanding the Earth plasma is important for the CFF concept as it directly alters
the operating conditions and performance achievable. As demonstrated in the next section it also
leads to natural spacecraft charging and consequently drives the operational power requirements
to maintain desired charge levels.
2.2 Spacecraft plasma interactions
A spacecraft in a plasma is bombarded by free-flying charges as illustrated in Figure 2.1. This
results in a net current flow from these free-flying particles that can be impregnated into conductive
and dielectric materials and cause natural charging. In a geosynchronous orbit the spacecraft is
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traveling in resonance with Earth and its plasma so that the natural current flow from these free
flying charged particles can be assumed isotropic, with no ram currents[35].
The plasma at GEO is neutral, with equivalent densities of ions and electrons. However, the
spacecraft is typically hit with more electrons due to their higher thermal speed as a result of their
significantly lighter mass. This will cause natural spacecraft charging that can reach kilovolt-level
potentials and is strongly dependent on the abundance of high energy electrons relative to the
ambient ions as well as photoelectron emission from solar ultraviolet (UV) radiation [74].
2.2.1 Natural charging on GEO spacecraft missions
A number of missions have been launched to specifically study spacecraft charging at GEO.
The Martian viking spacecraft utilized a number of engineering practices to mitigate charge related
anomalies, specifically arcing [84]. NASA conducted charging measurements and experiments on
ATS-5 that launched in 1969 as well as the follow on ATS-6 that launched in 1974 [103; 94].
ATS-5 was the first spacecraft that observed large negative potentials of hundreds of volts
during eclipse [103]. The ATS-6 spacecraft measured natural charging as low as -19 kV during
eclipse on October 1975 [142]. The extent of high spacecraft charging during eclipse is due to the
bombardment of electrons (particularly on insulative surfaces) in combination with the absence of
emitted photoelectrons from solar photon impacts. Through analysis of ATS-5 and ATS-6 data
the existence of an electrostatic barrier around the charged craft was postulated. This is typically
a result of differential charging as great as thousands of volts on the insulative surfaces, of which,
ATS-5 featured a large external antenna and outer surfaces constructed primarily of electrical
insulators. [103].
2.2.2 Natural charging at LEO altitudes
Spacecraft charging in lower altitudes is typically only to the volt level as the significantly
denser plasma quickly neutralizes any charged surfaces. Measurements on board US defense me-
teorological satellite program spacecraft, that operate in a 840 km altitude polar orbit achieved
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numerous charging occurrences down to as low as -1430 Volts [40]. Analysis of this data indicates
that more severe charging occurs at solar minimum due to at least an order of magnitude decrease
in the ambient plasma densities at LEO. A finding of this study is that for significant charging,
greater than 100 V in magnitude, it is necessary to have a plasma density less than 104 cm−3 [40].
A LEO mission that suffered detrimental effects from charging was the NASA Tethered
Satellite System Reflight (TSS-1R) mission, flown in February 1996. This tether research mission
was implemented on space shuttle mission STS-75. The 20 km tether unfortunately failed due to
electrostatic discharge. The tether obtained a charge as high as 3500 V, that lead to gas leakage in its
enclosure, increasing the neutral pressure that ultimately led to Paschen discharge and failure [33].
2.2.3 Spacecraft charging concerns
Natural spacecraft charging from plasma and solar UV can lead to catastrophic circum-
stances. This is an important aspect requiring attention not only during a spacecraft’s design and
manufacturing phases but also for on-orbit operations. A study by the Aerospace Corporation
indicated that 161 out of 198 documented environment related anomalies were a direct result of
spacecraft charging [32; 72].
Environment induced hardware failures, extend beyond just spacecraft surface charging and
includes dielectric charging, internal discharging, single-event effects (SEE), radiation damage,
sensor contamination, and solar array degradation [107]. The source of these operational risks
include solar energetic particles and associated plasma enhancement as well as cosmic galactic rays.
Spacecraft weather and charging leading to internal discharges have been correlated to anomalies
on the Voyager 1, GPS and SCATHA craft [120].
A NOAA report indicates that a spacecraft insurance company estimated there was over
$500 million in insurance claims, between 1994-1999, as a result of on-orbit failures related to
space weather.2 For a spacecraft designer and operator it is a requisite to have knowledge and
2 NOAA, Space Weather Prediction Center Topic Paper: Satellites and Space Weather,
http://www.swpc.noaa.gov/info/Satellites.html, 10/05/11
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models of the local environment and understand the interaction of the spacecraft with this plasma.
Particularly for the implementation of CFF spacecraft that intend to utilize kilovolt-levels of charge.
Designing spacecraft to prevent SEE from high energetic particle impacts, requires interpretation
of plasma models to provide sufficient shielding, without adding excess weight [106].
What is important to note is that natural spacecraft charging is both measurable and pre-
ventable. With dedicated hardware practices naturally charging can be safely handled in the design
of spacecraft. With background knowledge of the Earth orbit plasma environments it is of particular
interest to this study to model both natural and artificial charging.
2.2.4 Artificial spacecraft charging
One common method of reducing natural spacecraft charging is with the use of an artificially
produced current. This methodology is illustrated in Figure 2.1 where a charge control device emits
a stream of charged particles with significant energy to leave the craft’s charge field. The emission
can be either electrons or positively charged particles to obtain both positive or negative potentials.
The net result is that artificial charging is used to overcome high potentials or in the case of the
CFF concept used to safely drive the craft to high kilovolt-level potentials. Charge control devices
and their capabilities are explored in detail in Section 2.6.
2.3 Spacecraft plasma currents
A spacecraft interacts with its local space plasma environment with a flow of charged particles
resulting in a net current as shown in Figure 2.6. The resulting currents drive the spacecraft to a
charge equilibrium with the local plasma resulting in a net current of zero, which as shown with on-
orbit measurements, can occur at kilovolt-level potentials. For a CFF craft, an active charge control
device is implemented to neutralize, enhance or offset this natural equilibrium with an artificially
produced current. This charge device can drive the craft to desired charge levels regardless of
the local plasma conditions. This section further expands upon the knowledge of the interaction
between a spacecraft and the plasma. Models of the natural plasma currents to a charged body are
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developed (based on single Maxwellian distributions) to determine the extent of natural spacecraft
charging and resulting equilibrium potentials in each plasma.
Active charge emission
+
Plasma current ions
-
Plasma current 
electrons
- Photoelectron current
Solar 
photons
-Secondary & 
backscattered 
electron current
Icc
Figure 2.6: Illustration of plasma, Solar radiation and active charge emission currents to spacecraft
2.3.1 Charging currents
Considering bodies of finite dimensions but with a general surface area in contact with the
plasma, a common modeling practice is to use the current density J with units of Am−2. Assuming
a spherical spacecraft in a plasma with an isotropic velocity distribution, the charging current is
modeled with the net equation:
Inet =
Je − Ji − [JSe + JSi + JBSe]
Atot
− JPe
Asun
± Icc (2.4)
where
Je = incident electrons
Ji = incident ions
JPe = photoelectrons
JSe = secondary emitted electrons due to Je
JSi = secondary emitted electrons due to Ji
JBSe = backscattered electrons due to Je
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Icc = active charge emission current (electrons or ions)
Atot = total surface area of sphere
Asun = surface area of disk impacted by Solar UV
The terminology defines all currents to the spacecraft as negative. The details of all these
contributing currents is given in this section. To compute the photoelectron current the surface
area is that of a disk, not the full sphere.
2.3.2 Primary electron and ion current density
It is assumed that the plasma is comprised of two populations (electrons, protons) that
are modeled with single Maxwellian distributions. Also, the equations developed here assume the
plasma represents a thick-sheath limit (i.e. λD  ρ, where ρ is the spacecraft spherical radius) [54].
This assumption holds when considering the nominal plasma Debye length of 200 m and craft of 1-2
m representative radii. As in earlier equations, the charging currents are developed using particle
thermal energies with units of Kelvin.
For a spacecraft operating in eclipse without any backscattering or secondary electron emis-
sion the electron current density is represented with a Boltzmann factor, exponential repulsion
current and Mott-Smith and Langmuir attraction current [79; 119]:
Je(V < 0) = J0e Exp
[−ec|V |
κTe
]
(2.5a)
Je(V > 0) = J0e
(
1 +
ecV
κTe
)
(2.5b)
where V is the spacecraft potential and J0e is the electron saturation current:
J0e = ecne
√
Te
2pime
(2.6)
The ion current density to the spacecraft during these conditions is modeled with:
Ji(V < 0) = −J0i
(
1 +
ec|V |
κTi
)
(2.7a)
36
Ji(V > 0) = −J0i Exp
[−ecV
κTi
]
(2.7b)
where J0i is the ion saturation current:
J0i = ecni
√
Ti
2pimi
(2.8)
Combining the electron and ion currents of Equations 2.5 and 2.7, the resulting net current density
to the craft is:
Jnet(V < 0) = J0e Exp
[−ec|V |
κTe
]
− J0i
(
1 +
ec|V |
κTi
)
(2.9a)
Jnet(V > 0) = J0e
(
1 +
ecV
κTe
)
− J0i Exp
[−ecV
κTi
]
(2.9b)
A spacecraft will reach current equilibrium with the plasma when Jnet = 0. Depending on
the plasma conditions this solution exists for a specified spacecraft potential. As demonstrated on-
orbit during eclipse, with only ion and electron currents acting the equilibrium occurs at a negative
potential computed with the solution:
Veq = −κTe
ec
ln
[√
Ti
Te
mi
me
(
1− ecV
κTi
)]
(2.10)
which for equivalent ion and electron temperatures can be reduced to an approximate value of [54]:
Veq ≈ −2.5κTe
ec
(2.11)
2.3.3 Photoelectron current
In sunlight a spacecraft is hit with solar radiation that leads to a net outflow of photoelectrons.
This occurs during sun-lit conditions when the photons impacting the spacecraft surfaces cause an
electron to be emitted from the surface material via the photoelectric effect. This is an important
contributor to the net current flow for a GEO spacecraft that spends the majority of its on-orbit
conditions in sunlight and the magnitude of the current can be relatively high. The photoelectron
current is modeled using [54]:
JPe(V < 0) = −J0pe (2.12a)
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JPe(V > 0) = −J0pe Exp
[−ecV
κTPe
](
1 +
ecVsc
κTPe
)
(2.12b)
where TPe in K, is the mean energy of the photoelectrons leaving the spacecraft surface and J0pe
in Am−2, is the constant photoelectron current density for a spacecraft at zero potential. The
photoelectron current is dependent on the surface materials of the spacecraft. Emitted photoelec-
trons leave the spacecraft surface isotropically with a near-Maxwellian energy distribution that has
a mean energy TPe [51]. This mean energy value is computed both with space and laboratory
experiments and is constant regardless of the incoming photon spectrum [54]. Table 2.4 lists a
range of representative photoelectron currents (J0pe) as well as the mean energy, TPe, of emitted
photoelectrons.
Table 2.4: Example photoelectron current and energy values
Source J0pe TPe
(µAm−2) (eV)
Grard [50; 51] 4-42 1.2-1.5
Whipple [170] 7.2-48 1-2
King [69] 10 4.5
Nakagawa [99] 85 2.1
DeForest [25] 8.2 -
Samir [125] 30 -
The photoelectron current is computed at a distance of 1 AU and with a impact trajectory
that is normal to the surface. Grard in References [50] & [51] uses laboratory experimental data on
a number of materials to compute the photoelectron currents. The resulting kinetic energy of the
emitted electrons is measured to be approximately 1.5 eV. During positive charging these low energy
electrons will be attracted back to the craft with no net current. Whipple in Reference [170] gives
photoelectron current values for experiments simulating space conditions for a number of materialsl
based on work originally performed by Feuerbacher and Fitton. DeForest in Reference [25] analyzes
ATS-5 data to determine the maximum photoelectron current density. Torkar in Reference [152]
presents the use of an active charge control device emitting a current of 10-50 µA to overcome
the photoelectron current of the TC-1 spacecraft. Samir in Reference [125] demonstrates that the
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photoelectron current on the Ariel 1 satellite was as high as 300 µAm−2 but reduced as a result of
changing surface conditions such as outgassing.
For this study a photoelectron current of J0pe = 20 µAm
−2 will be used along with a mean
energy TPe = 2 eV. The photoelectron currents of Equations 2.12 can then be added to the
spacecraft net current density Equation 2.9 to give:
Jnet(V < 0) = J0e Exp
[−ec|V |
κTe
]
− J0i
(
1 +
ec|V |
κTi
)
− J0pe (2.13a)
Jnet(V > 0) = J0e
(
1 +
ecV
κTe
)
− J0i Exp
[−ecV
κTi
]
− J0pe Exp
[−ecV
κTPe
](
1 +
ecVsc
κTPe
)
(2.13b)
With photoelectrons included, there is a equilibrium solution to this net current density equation
that occurs at a slightly positive potential. The root to this equation is approximated using [54]:
Veq ≈ κTPe
ec
ln
[
J0pe
J0e
(
1 +
ecVsc
κTPe
)]
(2.14)
and it is typical that TPe  Te so that the floating potential approximation can be further reduced
to the value Veq ≈ κTPe/ec. With the example photoelectron energy values given in Table 2.4, this
indicates that a craft in sunlight has a equilibrium potential of a few volts positive.
2.3.4 Secondary electrons and backscattered emission currents
Additional current sources of outgoing electrons are from secondary emissions and backscat-
tering [168]. An impacting electron or ion can use its energy to induce a secondary electron to be
ejected from the material, generating an outgoing electron current. The outgoing secondary elec-
tron yield, δ¯, can even be higher than the incoming flux [78]. An example of the yield as a function
of the energy of the primary electrons striking a solar-cell coverslip material (assuming isotropic
incidence and uncharged material) is shown in Figure 2.7 from Reference [68]. This secondary
electron energy spectrum is approximately independent of the incoming particle energy, but will
scale with the potential of the craft [35]. The secondary yield δ¯ is also a function of the surface
material.
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Figure 2.7: Secondary electron yield for electrons impacting solar-cell coverslip material, assuming
isotropic incidence and uncharged material (Adapted from: Katz [68])
2.3.4.1 Secondary electrons
There are a number of models used to compute the curve of the secondary electron yield,
such as the one shown in Figure 2.7. Sternglass developed a model that is commonly used [54; 114]:
δ¯(T , θ) = δ¯max TeTeMaxExp
[
2− 2
√ Te
TeMax
]
Exp [2(1− cosθ)] (2.15)
where δ¯max is the maximum yield value that occurs at an incoming electron energy of TeMax. The
yield is also a function of the incoming electron angle, θ, from the surface normal. In order to
compute the resulting current density the yield equation is integrated over the range of plasma
electron energies. Using a Maxwellian distribution with normal incidence, Equation 2.15 can be
approximated with the generic model [54]:
δ¯(χ) = 7.4δ¯max
{
χ3 +
9
2
χ2 + 2χ− χ3/2Exp[χ]
(
χ2 + 5χ+
15
4
)√
pi [1− erf (√χ)]
}
(2.16)
where χ = Te/TeMax.
A representation of typical maximum yields and the corresponding primary particle energy
for spacecraft materials is given in Table 2.5 from Reference [54]. The mean energy of the secondary
electron leaving the surface is typically very low, TSe ≈ 2-3 eV [35; 54; 114] and will return to a
positively charged craft. The secondary electron yield from ion impacts is only larger than unity
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for high primary energies (> 10 keV) [54]. Therefore modeling the secondary emissions from ions
is not typically performed.
Table 2.5: Secondary electron yields and primary particle maximum energy (From: Hastings [54])
Material δmax TeMax (eV)
Aluminum 0.97 300
Aluminum Oxide 1.5-1.9 350-1300
Magnesium Oxide 4 400
Silicon Dioxide 2.4 400
Teflon 3 300
Kapton 2.1 150
Magnesium 0.92 250
Incorporating the yield model of Equation 2.16 to account for secondary electron emission
from electron strikes the resulting net current density is:
JSe(V < 0) = −J0e Exp
[−ec|V |
κTSe
]
δ¯(χ) (2.17a)
JSe(V > 0) = −J0e Exp
[−ecV
κTSe
](
1 +
ecV
κTSe
)
δ¯(χ) (2.17b)
Alternatively, a simple linear model of secondary electron currents from both ion and electron
impacts suitable for GEO is given by Francis in Reference [35; 114]:
JSe(V < 0) = −aJe − b|Ji| (2.18a)
JSe(V > 0) = 0 (2.18b)
where a ≈ 0.4 and b ≈ 3 are computed from a study of ATS-5 and ATS-6 data [35]. For positive
spacecraft potentials it is assumed that there is no net current influence from the emitted low
energy secondary electrons that will return to the craft.
2.3.4.2 Backscattered emission
A backscattered emission occurs when an impacting particle reverses direction and leaves
the surface. The backscattering of ions is very low and is omitted in this study [25; 54]. The
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backscatter current is dependent on the incoming particle energy as well as the material proper-
ties. The backscatter current is typically much lower than the secondary electron yield [78] and
modeling is typically performed by applying a reduction in the incoming electron current. A linear
backscattering current model is:
JBSe(Vsc < 0) = −cJe (2.19a)
JBSe(Vsc > 0) = 0 (2.19b)
where c ≈ 0.2 is computed from a study of ATS-5 and ATS-6 data [35]. Again, during positive
charging these electrons that backscatter with lower energies are attracted back to the craft.
2.3.5 Net plasma current density
Combining all these currents produces the Hastings [54] net current density model for a
spacecraft in sunlight:
Jnet(Vsc < 0) = J0e Exp
[−ec|Vsc|
κTe
]{
1− δ¯(χ)− c}− J0i(1 + ec|Vsc|
κTi
)
− J0pe (2.20a)
Jnet(Vsc > 0) = J0e
(
1 +
ecVsc
κTe
)
− J0i Exp
[−ecVsc
κTi
]
− J0pe Exp
[−ecVsc
κTPe
](
1 +
ecVsc
κTPe
)
− J0e Exp
[−ecVsc
κTSe
](
1 +
ecVsc
κTSe
)
δ¯(χ) (2.20b)
This natural plasma current model is used in this research. To compute the net current for
a spacecraft in eclipse the photoelectron current is simply removed from the above expression. An
alternate net current model for sunlight that uses the linear secondary currents is from Francis [35]:
Jnet(Vsc < 0) = J0e Exp
[−ec|Vsc|
κTe
]
{1− a− c} − J0i
(
1 +
ec|Vsc|
κTi
)
{1 + b} − J0pe (2.21a)
Jnet(Vsc > 0) = J0e
(
1 +
ecVsc
κTe
)
− J0i Exp
[−ecVsc
κTi
]
− J0pe Exp
[−ecVsc
κTPe
](
1 +
ecVsc
κTPe
)
(2.21b)
The spacecraft will reach a natural potential equilibrium in each of these sunlit and eclipse
conditions. As there is not an easily computed analytic solution to these equations to obtain the
resulting floating potential, this is demonstrated numerically in Section 2.5.3.
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2.4 Double Maxwellian plasma representations and current density
While a single Maxwellian fit gives a compact approximation to the GEO plasma condi-
tions improved modeling accuracy of the GEO plasma can be obtained with a double Maxwellian
distribution [76]. As demonstrated in Figure 2.2, this fit can capture the high energy tail of the
plasma [23; 42; 53]. For this reason the use of a double Maxwellian distribution is used to compute
the net plasma currents and compared to the single Maxwellian representation. The summation
of Maxwellian distributions can also be used to account for other plasma species populations such
as Oxygen ions. The Coulomb study by King in Reference [69] uses the GEO plasma double
Maxwellian fit from Hastings in Reference [53]. There are additional representations available as
shown in Table 2.6. This also shows the value of the Debye length for each of the double Maxwellian
plasmas, calculated using Equation 2.1.
Table 2.6: Double Maxwellian plasma parameters and Debye lengths
Source and Conditions T1 n1 T2 n2 λD
(eV) (cm−3) (eV) (cm−3) (m)
K-Hastings [53] (ATS-5 Nominal)
electrons 277 0.578 7040 0.215 124
ions 300 0.437 14000 0.355
L-Hastings [53] (SCATHA Nominal)
electrons 550 0.78 8680 0.31 170
ions 800 0.36 15800 0.73
M-Hastings [53] (SCATHA Storm)
electrons 600 1.8 25500 3.3 80
ions 350 1.92 25100 3.17
N-Garrett [42] (ATS-5 Storm)
electrons 250 2 20000 0.04 59
Data set M represents a storm spike, where the GEO environment experiences a high density
injection of highly energetic particles. This is a particular concern for spacecraft charging, however
is of minimal concern to the CFF concept. Similarly, data set N is a representation developed by
Garrett based on ATS-5 measurements to capture variations from injection events also. The Debye
length for the data set N is computed using the electron only formula of Equation 2.3.
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Another advantage of using a double Maxwellian representation is that it allows for analysis
of high energy charging affects and the presence of multiple equilibrium roots to the net current
equation [23]. Charging conditions in a single Maxwellian are independent of electron density,
however are captured with the double Maxwellian fit [76]. The net current to the node, including
photoelectrons, secondary and backscattering models is:
Jnet(Vsc < 0) =
2∑
k=1
{∣∣∣∣J0ek Exp [−ec|Vsc|κTek
] [
1− δ¯(χ)− c]− J0ik (1 + ec|Vsc|κTik
)∣∣∣∣}
− J0pe (2.22a)
Jnet(Vsc > 0) =
2∑
k=1
{
J0ek
(
1 +
ecVsc
κTek
− Exp
[−ecVsc
κTSe
] [
1 +
ecVsc
κTSe
]
δ¯(χ)
)
− J0ik Exp
[−ecVsc
κTi
]}
− J0pe Exp
[−ecVsc
κTPe
](
1 +
ecVsc
κTPe
)
(2.22b)
The net current model developed here is for a double Maxwellian, however it is can be applied
to a summation of any number of Maxwellian distributions of varying species making it suitable
for LEO studies also.
2.5 Numerically computing plasma currents
The current density equations developed in this chapter are used to evaluate the net current
to a charged spacecraft. This is numerically computed for each of the GEO plasmas given in
Table 2.3. The LEO plasma currents are not computed in this research, however the same analysis
techniques apply, with some additions. A spacecraft in LEO is traveling faster than the ambient
plasma and consequently bombards charged particles inducing an additional current source. There
are also differential charging and wake effects that require inclusion in the model. In both a GEO
or LEO analysis it is also beneficial to model the finite shape, materials and attitude of the craft
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as this will effect the plasma interaction. For the purposes of this research these effects are not
necessary and omitted.
2.5.1 Dominant charging currents
The primary plasma currents to a spacecraft operating at a given potential in each of the
GEO environments is computed. The range of spacecraft potentials used in this analysis is -30
kV to 30 kV. This is a reasonable potential range that is anticipated for CFF operations at GEO,
can be achieved with current technology and has been demonstrated on-orbit [69]. The currents
impacting the spacecraft during the quiet plasma conditions (λD = 4 m) are shown in Figure 2.8.
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Figure 2.8: Current flows to 1 m2 spacecraft during quiet plasma conditions, λD = 4 m (worst-case)
The currents are shown for a single spherical craft of 0.282 m radius. This is a reasonable
size for a small formation flight spacecraft. Also, with a resulting surface area of 1 m2 the current
density and net current to craft are the same for all but the photoelectrons. This size craft is chosen
as it allows easy linear scaling to craft of different sizes or when considering more than one craft.
In this cold and dense plasma a negatively charged spacecraft will attract a current of ions. During
positive charging electrons will be attracted to the craft and the relative ion current is zero.
The plasma currents for nominal conditions (λD = 200 m) is shown in Figure 2.9. In this
plasma, the dominant current for a negatively charged spacecraft are the escaping photoelectrons,
IPe ≈ 4 µA. For a positively charged spacecraft the electron current bombardment dominates both
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the ion current and the low energy photoelectrons that are attracted back to the craft.
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Figure 2.9: Current flows to 1 m2 spacecraft during nominal plasma conditions, λD = 200 m
The plasma currents for the hotter and sparser disturbed plasma conditions (λD = 743 m)
is shown in Figure 2.10. The dominant current for negative charge is the escaping photoelectrons
while a positive charge has a dominant electron current bombardment.
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Figure 2.10: Current flows to 1 m2 spacecraft during disturbed plasma conditions, λD = 743 m
The consequence of these resulting charging schemes in all environments is that to maintain
a negative spacecraft potential it is necessary to emit ions to compensate for either the ion impacts
and/or escaping photoelectrons. Alternatively, to maintain a positive spacecraft potential electrons
are emitted to compensate for the impacting electrons from the plasma. It is also found that in all
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operating plasmas the secondary and backscattered electrons have much lower current magnitudes
than the dominant primary currents.
2.5.2 Net plasma current
Each contributing plasma current is summated to compute the net plasma current to a craft
that holds a fixed potential. This resulting current profile indicates the equilibrium potential each
craft will reach in each plasma environment. The net current flow to a spacecraft that is in eclipse
(no photoelectrons) is shown in Figure 2.11 for each of the plasma conditions. The maximum net
current occurs in a quiet plasma for a positively charged spacecraft.
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Figure 2.11: Net current flow to 1 m2 spacecraft in eclipse for each plasma
The net current flow to a spacecraft that is in sunlight (includes photoelectron current) is
shown in Figure 2.12, for each of the plasma conditions. The addition of the photoelectron current
has minimal affect on the quiet plasma (λD = 4 m) however does contribute to a negatively charged
craft in the nominal and disturbed plasmas as shown in Figures 2.9 & 2.10.
The net current flow for each of the double Maxwellian models (Table 2.6) is computed and
compared to the single Maxwellian distribution for nominal conditions (λD = 200 m) and shown in
Figure 2.13. As demonstrated the double Maxwellian distributions have similar net currents as the
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Figure 2.12: Net current flow to 1 m2 spacecraft in sun light for each plasma
single Maxwellian distribution. One notable difference is the location of the zero current condition
(equilibrium potential). The high density and temperature storm spike of data set M increases the
net current by approximately a half order of magnitude. However, this magnitude is still below
the predicted plasma current of the quiet plasma (λD = 4 m), which is modeled to be the absolute
worst case GEO conditions for CFF and bound all feasible operating regimes such as this storm
spike. During sunlit conditions the primary currents are near identical, and therefore not shown,
as the dominant current during negative charging is the photoelectrons.
2.5.3 Plasma equilibrium currents and floating potentials
The low magnitude dips in the net current flow (Figures 2.11, 2.12 and 2.13) correspond to
natural equilibrium conditions where Inet = 0. The location of this root occurs at the spacecraft
floating potential. These potentials are computed assuming there is no effect from magnetic fields
or dielectric barrier fields restricting the escaping photoelectrons [54]. This is a good assumption for
a proposed CFF craft given that the outer surface will be conductive to distribute charge removing
any differential charging effects that are seen with dielectrics [54].
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Figure 2.13: Net current flow to spacecraft during eclipse for single and double Maxwellian
For a single Maxwellian plasma there is a single root to the net current equation and con-
sequently a sole equilibrium condition. At GEO this solution will typically produce a spacecraft
floating potential that is slightly negative for sun-lit conditions and can go highly negative during
eclipse. The single Maxwellian floating potentials are shown in Table 2.7 for each of the plasma en-
vironment conditions studied here. These equilibria are advantageous to the CFF concept that can
utilize these naturally occurring spacecraft potentials for force production. The double Maxwellian
floating potentials for these plasmas and ranges of potentials studied are also shown in Table 2.7.
Table 2.7: Spacecraft equilibrium floating potentials for each plasma condition
Conditions Eclipse Sun-lit
(V) (V)
Quiet (λD = 4 m) -8 5.3
Nominal (λD = 200 m) -2250 6.0
Disturbed (λD = 743 m) -25000 3.2
K-Hastings [53] (ATS-5 Nominal) -7500 6.9
L-Hastings [53] (SCATHA Nominal) -11700 5.5
M-Hastings [53] (SCATHA Storm Spike) -37600 -18500
N-Garrett [42] (ATS-5 Storm) -1500 14
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It is also possible to have multiple roots (and floating potential solutions) with the inclusion
of additional plasma currents. Using a single Maxwellian plasma that includes secondary electron
currents produces two roots that are a function of the plasma electron temperature and the ma-
terial properties. The low temperature plasma root is typically not experienced at GEO [54]. As
the plasma temperature increases to the second root (critical temperature) the spacecraft will go
from slight positive charge to high negative potentials [41; 54]. This occurs in eclipse with no
photoelectrons and is a potentially hazardous scenario for a CFF application as the nodes could
abruptly change charge polarity and magnitude losing required control forces.
A double Maxwellian is also more accurate in representing a GEO spacecrafts floating po-
tential characteristics as it allows for multiple equilibrium roots to the net current equation. With
a double Maxwellian plasma it is possible to have one, two or three roots depending on the plasma
conditions. The low energy plasma determines the number of roots and the respective spacecraft
charge [54]. For a double Maxwellian representation, the domains of the plasma conditions that
lead to multiple equilibrium roots are developed by Lai in Reference [77] and shown in Figure 2.14.
This is a concern for spacecraft operators as the plasma conditions are always changing and
consequently the potential equilibrium root varies also. A changing plasma represented as a single
Maxwellian results in the spacecraft floating potential to change continuously and smoothly. With
the presence of a triple root represented with a double Maxwellian it is possible that the spacecraft
potential can abruptly jump between roots [76; 77]. Olsen in Reference [104] correlates abrupt
on-orbit charging characteristics of the highly elliptic International Sun Earth Explorer spacecraft
in 1978 to this triple root phenomena.
2.6 Active charge control in space
The fundamentals of natural spacecraft charging are presented. To bring the developments of
Coulomb formation flight closer to implementation on a space bound mission, an understanding of
active spacecraft charging is imperative. Natural spacecraft charging can be regulated or enhanced
with a charge emission device. There are numerous missions past and present that have utilized
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Fig. 2. Double Maxwellian parameters of ambient electrons on day 114, 1979 [Mullen and Gussenhoven, 1982]. 
plotted in Figure 4. The surface material considered in 
Figures 3 and 4 is copper-beryllium (Cu-Be). The boundaries 
delineate the negative root domain, the triple-root domain, 
and the positive root domain. The first Maxwellian density 
n• and temperature T• are used as variable parameters. In 
these maps (Figures 3 and 4) the second Maxwellian density 
n 2 and temperature T 2 are taken as 0.9 cm -• and 24.8 keV, 
respectively, corresponding to the space environmental data 
of Figure 2. The general features obtained in Figures 3 and 4 
agree well with Sanders and Inouye [1979]. 
PHYSICAL INTERPRETATION 
Density Dependence 
When density n• is small in comparison with density n2, 
the system is dominated by the second Maxwellian distribu- 
tion. Since T 2 is 24.8 keV, which is much higher than the 
critical temperature T. (--•2-5 keV) [Lai et al., 1983; Lafram- 
boise and Kamitsuma, 1983] of the ground surface materials 
on SCATHA, negative charging occurs. On the other hand, 
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Fig. 3. Parametric domains for copper-beryllium. Ambient elec- 
trons are assumed normal to the surface. The second Maxwellian 
parameters used are n 2 = 0.9 cm -3 and T 2 = 24.8 keV. Nine state 
points are added and numbered. 
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Fig. 4. Parametric domains for copper-beryllium. Incoming 
electrons are assumed isotropic. The second Maxwellian parameters 
used are the same as in the previous figure. 
Figure 2.14: Plasma conditions represented with double Maxwellian distributions and the resulting
spacecraft potential equilibrium roots (From Lai in Reference [77])
hardware for active charge control in both LEO and GEO. In this Chapter a review of existing
and planned spacecraft featuring charge control devices are presented. Charge control hardware
technologies for both positive and negative charging are given with detailed descriptions of the
capabilities including currents, mass flow rates, and system mass, size, and power needs.
2.6.1 LEO charging missions
The dense plasma of the LEO environment typically prevents naturally spacecraft charging
but this also places limits on the capabilities of onboard electrical systems. Ferguson in Refer-
ence [33] provides design guidelines for the operation of high-voltage (>55 V) space power systems
at LEO. The ISS operates at a potential difference across its solar arrays of 160 V. The primary
driver for voltage buses as high as this is to reduce cable thickness and ultimately mass for equiv-
alent power losses. Another advantage is when high voltage is required for a particular instrument
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bias or a electric propulsion system. Having a direct high voltage (that can come from varying the
solar arrays in series/parallel format) reduces the need for high mass power conversion systems.
There is a heightened concern for arcing at LEO. It is possible to arc from a voltage as low
as -50 V to either an adjacent conductor or to the plasma itself [33]. Negative charging in LEO
also leads to ion bombardment, sputtering and potentially chemical attack due to the presence of
atomic oxygen. Negative grounding is commonly done and results in negative charging with respect
to the plasma. The ISS naturally ‘floats’ to around -140 V, which is beyond the dielectric strength
of anodized coatings. It is therefore necessary to use an artificial charging current to adjust the
floating potential relative to the plasma. The ISS uses the Plasma Contactor Unit (PCU), charge
control device, for this purpose.
The ISS PCU emits a current that generates a local Xenon plasma plume. The plume can
have a radius as large as 8 m before its density is less than the ambient plasma. The PCU essentially
uses this plasma cloud to ground the ISS to the local plasma. Electron currents as large as 10 A
are possible with this device [33].
A miniaturized current collection device that operated on a CubeSat project is an alternate
method of performing charge control. The Naval Research Laboratory miniaturized electrodynamic
experiment is flying on the Calpoly CP-6 spacecraft to measure the collection of electrons from the
LEO plasma. At the end of a 1.1 m insulated tape is a tungsten wire that is heated through electric
resistance and used to emit electrons. Two collector tapes are then uncoiled and used to collect
electrons from the plasma [2].
Through intended design and with the use of a charge emission devices charging at LEO
can be safely managed and controlled. Although suffering technical issues, the SPEAR-I mission
demonstrated that charging beyond 40 kV is possible in the dense plasma of LEO [66; 121].
2.6.2 GEO charging missions
Charge control devices have been proven in space and are commonly used on GEO spacecraft.
The devices typically use one of two technologies, being either the emission of noble gas ions with
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hollow cathodes or the field emission technique using metal ions. The proposed CFF spacecraft
would use these charge emission devices. An overview of these technologies and their space missions
is given here.
The emission of electrons can be used to drive the spacecraft to positive potentials. Electron
guns are used on GEO spacecraft for charge control [12]. This technique does however suffer from
the space-charge limit when neutralizing a charged craft. Particularly on spacecraft with insulative
surfaces the combination of ion and electron emission is most effective as it creates a plume to
ground the craft [12; 103].
The ATS-5 spacecraft used a hot wire filament for electron emission [94]. Purvis, demon-
strates that the on-orbit use of ATS-5 electron emission reduced spacecraft potential magnitudes,
but ground levels were not reached [116]. The ATS-6 mission reduced equilibrium potentials of hun-
dred of volts negative to near zero as well as reduce insulator potentials with the use of a plasma
emitter of ions and electrons with a plasma bridge neutralizer. During eclipse this experiment was
shown to discharge kilovolt level potentials [94; 101].
2.6.3 Charge control hardware
Previously, Figures 2.11 and 2.12 demonstrate that from a power perspective it is more
advantageous to charge to negative potentials. Natural negative equilibrium potentials can be
utilized, requiring less current and power to reach kilovolt-level potential magnitudes. Another
consideration is the technology required for charge control. The technology for electron emission
(positive charging) is less complex and electrons can be obtained from solar energy. For negative
charging, the use of hollow cathodes or field emission technology is envisioned and an overview of
these devices and their requirements and capabilities is given here.
2.6.3.1 Hollow cathode emission
Hollow cathode emission uses an electric field to bombard a noble gas with electrons, causing
ion generation. The ions are consequently accelerated away from the spacecraft, generating a
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charging current. Typical gases are Argon, Krypton or Xenon that are typically stored in tanks up
to 1000 psi [27]. Table 2.8 gives a summary of hollow cathode technologies used on space missions
or currently available.
Table 2.8: Examples of hollow cathode space technology
Mission and Technology description
reference
SCATHA [75] Electron gun and Xenon ion beam for positive and negative charging.
ISS [86; 149] Features a plasma contactor to prevent large structure charging in LEO.
It features an electron emitter based on FEEP neutralizer technology.
ISS unit mass is 21 kg and uses an idle power of 80 W, peak 180 W.
A similar unit with 5 kg mass and 5 W idle, 10 W peak also developed.
ProSEDS [3] Was intended to be launched in 2003 to test an electrodynamic tether.3
Stores 245 g of Xenon gas at 8-10 MPa in 0.3 L volume. Emission currents
of 0-10 A. At 10 A gas consumed at 0.2 mgs−1. The system is 20x30x13 cm
in size and weighs 6 kg with a 30 W operating power.
A smaller version <1 A max output weighs 5.6 kg and operates on 5 W.
POLAR [152] Emits Xenon plasma to obtain operating potentials as low as 1.8 V
relative to plasma.
- In 2000, a “state of the art” system was considered a 8 W system with Xenon
emitted at 100 mA at a rate of 0.1 mgs−1 [85].
2.6.3.2 Field emission
Field emission with metal ions is an alternate technique to generate a charging current in
space. Field emission devices emit ions from a needle apex that are extracted from a liquid source
using field evaporation. Table 2.9 gives a summary of field emission technologies used on space
missions.
2.7 Summary
The interaction between a spacecraft and its local plasma environment is explored in this
chapter. Spacecraft charging is a natural occurrence that does not pose a concern to suitably
designed craft and for the CFF concept these potentials can be exploited. Models of the GEO
plasma environment, developed from on-orbit measurements, are utilized to compute net currents
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Table 2.9: Examples of field emission space technology
Mission and Technology description
reference
ATS - 6 Uses Xenon neutralizing current >1 mA at energies < 50 eV.
[27; 94; 101; 142] Total instrument mass with plasma measurement devices is
19 kg. Total power of 28 W, storing Xenon gas at 800 psi in a
2 L tank. Also featured two Caesium attitude thrusters that were
shown to neutralize charging. Ions accelerated under the
magnetoelectrostatic concept with an emission current of
0.115 A at 550 eV.
ATS - 5 Caesium ion engine capable of 1 mA of singly charged ions
[94; 102] also provides neutralizing electrons from a hot filament source
Cluster Indium ion emitter with feedback control to maintain zero
[119; 154] potential relative to the environment. Emission currents of
10-15 µA at energies of 5-8 keV. Liquid indium is kept at
520 K (247 ◦C) with an instrument mass of 1.85 kg and
total power < 2.7 W. Only a ion emission source is used as
spacecraft is always in sunlight.
Geotail Two instruments each containing 4 Indium ion emitters, with
[132; 153; 155] a mass of 1.8 kg, measuring 19 x 16 x 17 cm. Ion current of
≈ 15 µA at ≈ 6 keV with a beam divergence less than 30
degrees. Electrodes operate at ≈ 6 kV with a heater power
of 0.55 W.
Equator-S Indium ion emitter inherited from Geotail and Cluster
[153; 155] and designed as test for Cluster-II. Instrument mass of
2.7 kg and max power of 2.7 W, with max potential of 8.3 kV.
Heaters take 15 mins to heat Indium from 200 mg reservoir
to operating liquid temperatures.
Double Star (TC-1) Improved version of Cluster Indium ion instrument. A
[151; 152] potential of 4-9 kV emits ions between 10-50 µA. Instrument
mass is 2.54 kg, max power is 2.9 W and operational life is
extended to 16000 hr.
and spacecraft floating potentials. This is important to the CFF research as it defines the operating
plasma environments and their effects on Coulomb forces as investigated in the following chapter.
These net charging currents are also useful for computing power requirements for CFF applications
such as the tethered Coulomb structure.
Given the natural charge levels that arise at GEO, an active charge control device is a
common and often necessary component. The hardware for fast and accurate potential control,
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both positive and negative, is space proven technology. In addition, the capabilities of systems
meet the requirements for implementation on a Coulomb controlled formation.
Chapter 3
Coulomb force modeling
This dissertation research is reliant on the modeling of Coulomb forces. The Coulomb force
model, both space-based and terrestrial, is pivotal for realistic simulations of spacecraft dynamics
and predicting electrostatic actuation on the testbed. In this chapter analytic models for computing
Coulomb force between charged spheres are developed. It begins with the force between two
point charges in a vacuum and culminates with a proposed approximate model of finite spheres
in close proximity in a plasma, including contributions from position dependent combined system
capacitance and uneven charge distribution.
3.1 Coulomb force modeling in a vacuum
The fundamentals of Coulomb force production between charged bodies is investigated in
the isolation of a vacuum. This is advantageous as it isolates the force to be purely between the
charged bodies allowing analytic expression to be used. These vacuum representations provide the
foundation for modeling in more complex and realistic environments such as terrestrial and plasma.
3.1.1 Force between point charges
Consider a infinitesimally small point charge q = 1.602×10−19 C. In a vacuum and in isolation
the electrostatic field E, that surrounds this charge is given by
E(r) = kc
q
r2
rˆ (3.1)
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where kc = 8.99×109 Nm2C−2 is the vacuum Coulomb constant, and r is the relative position vector
from the point charge. In non-charged air (absence of charged particles) the Coulomb constant kc
is scaled, accounting for the relative permittivity of air. However this is a small adjustment as
the relativity permittivity of air to vacuum is 1.00054. The E-field strength for this isolated point
charge is isotropic and computed with
E(r) = kc
q
r2
(3.2)
If a second, infinitesimal point charge is placed in this unperturbed E-field then the resulting
Coulomb force magnitude is
F = E · q (3.3)
If the second charge qB is placed at a distance d in the E-field of charge qA, the resulting electrostatic
force magnitude is the well known Coulomb’s Law:
F = kc
qAqB
d2
(3.4)
This Coulomb force is an equal and opposite force acting on each charge always along the charge
center line-of-sight.
3.1.2 Force between sphere and point charge
Consider now that charge A is on a finite sphere of radius RA. In a vacuum and in isolation
the potential on the surface of this sphere is represented by the equation:
VA = kc
qA
RA
(3.5)
At a radial distance from the center of the sphere (r ≥ R), the potential field strength from this
isolated charge is:
Φ(r) = kc
qA
r
=
VARA
r
(3.6)
The E-field strength of this charge is then:
E(r) = −∇rΦ(r) = Φ(r)
r
= kc
qA
r2
=
VARA
r2
(3.7)
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If an infinitesimally small point charge, qB is placed in this E-field at a distance d, the Coulomb
force magnitude felt by both the point charge and the sphere is:
F = E(r = d) · qB = kc qAqB
d2
=
VARA
d2
qB (3.8)
Here the charge qB is infinitesimally small so that it has no radius and hence no potential. Given
this, the charge has no effect on the overall charge on the sphere qA, except that a force is exerted.
For the Coulomb formation flight concept development, the potential of the bodies is fixed
rather than the charge. From an application standpoint this is advantageous. A body with an
entire conductive outer material will be equipotential and therefore more readily measurable than
computing the entire charge on the body.
3.1.3 Force between finite spheres
Consider now two charged bodies with finite dimensions (spheres) in close proximity. It
is essential to consider the overlapping potential fields and model the consequent effects on the
combined system capacitance as well as any uneven charge distribution that occurs on the surface
of the conducting spheres that are held at a fixed potentials. Both of these charge effects are
described and modeled for the vacuum implementation in this section.
3.1.3.1 Position dependent, combined system capacitance
The overlapping potential fields will raise or lower the effective potential of each body and
consequently the Coulomb force between them. This is demonstrated graphically in Figure 3.1 for
both the repulsive and attractive force case. The resulting change in capacitance and consequently
force can be significant at kilovolt level potentials when the centre-to-centre separation is compa-
rable to the sphere radii (separations less than approximately 10 sphere radii, r < 10R). For fixed
charge magnitudes, the total potential at the location of sphere A is computed by combining the
potential due to its own charge Equation 3.5 as well as the potential field from the charge of sphere
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Figure 3.1: Potential fields for two charged spheres in close proximity
B in Equation 3.6 to give:
VA = kc
qA
RA
+ kc
qB
d
(3.9)
where d is the is the center to center separation of the bodies. This does assume the potential field
of sphere B about the center of sphere A is reasonably flat (i.e. linear in radial distance). This
potential is similarly computed for Sphere B to produce a set of equations represented in matrix
form:  VA
VB
 = kc
 1/RA 1/d
1/d 1/RB

 qA
qB
 (3.10)
For the studies conducted here and implementation on the testbed the potentials of the bodies
are constrained to (VA & VB) and consequently the effective charge is adjusted. This is calculated
by inverting the equation to the form:qˆA
qˆB
 = d
kc(d2 −RARB)
 dRA −RARB
−RARB dRB

︸ ︷︷ ︸
CV
VA
VB
 (3.11)
where CV is the capacitance of the combined charged system in a vacuum. This set of equations is
expandable to N number of charged bodies of both positive and negative potentials. This leads to
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solving the effective charge solutions qˆi:
qˆA =
dRA(dVA −RBVB)
kc(d2 −RARB) (3.12)
qˆB =
dRB(dVB −RAVA)
kc(d2 −RARB) (3.13)
The effective charge solution qˆi is then substituted into Equation 3.4 to compute the Coulomb force
between the spheres with surface potentials VA & VB:
F = kc
qˆAqˆB
d2
(3.14)
In order to compute the Coulomb force using Equation 3.4 the potential fields assuming no effect
from the second sphere are used. However, the presence of the second charge is accounted for with
the position dependent system capacitance and the net effect on the charges used to compute the
force.
Note that if the signs of VA and VB differ, then the amount of charge that is stored on each
sphere is actually increased by the presence of a 2nd charged sphere and the attractive force is
enhanced. If the potential sign is the same, then the amount of charge and the repulsive force is
reduced.
3.1.3.2 Uneven charge distribution
Another physical electrostatic parameter that occurs during close proximities is uneven charge
distribution, also known as induced charge effects. With spheres fixed at desired potentials the
charges will distribute on the surface to obtain this potential. In very close proximities, separations
less than approximately five sphere radii, (d < 5R), the Coulomb forces between individual charges
can cause uneven distribution on the conductive surface [145]. This is graphically demonstrated in
exaggerated form in Figure 3.2.
Given that the testbed spheres operate in close proximities these effects are included in the
Coulomb force model. Under these induced circumstances the summation of charges to a point at
the sphere center with a separation of d no longer provides an accurate calculation of force using
Equation 3.4. Two methods for computing induced charge affects are investigated and compared.
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Figure 3.2: Graphical interpretation of uneven charge distribution on spheres in close proximity
Electrostatic method of images. One method of accounting for close sphere induced
effects is by representing the spheres charge with an infinite series of charges computed using the
method of images [145; 21; 118; 144; 143]. This method is based on the principle of mirroring charge
across a conducting plane. Figure 3.3 is an example that highlights the principles of electrostatic
method of images. Separately, spheres A and B have a known potential that can be modeled as a
respective charge qA and qB located at sphere centre; however, at close separations a redistribution
of charge occurs. This is modeled with a series of charges qn, of decreasing magnitude, at increasing
separations rn, from the sphere center.
d
q1 q1
q2 r2
q3
d
VL VR = VA
 d d
r3
VBVA
Method of images First order approximation
qA qB
R R
Figure 3.3: Graphical representation of two methods to model uneven charge distribution for close
spheres
The values of qn are computed for spheres of equivalent potential and polarity (repulsive
force) using:
qn = − qn−1
d/R− rn−1 (3.15)
where n > 1, q1 = qA and r1 = 0 and assumes RA = RB. The repulsive induced effects result in
an overall reduced net Coulomb force. For spheres of equivalent potential but opposite polarity
62
(attractive force), Equation 3.15 is modified with a positive sign. In this situation, all charges
are of the same polarity, increasing the effective Coulomb force. For both repulsive and attractive
force model developments it is assumed that the potential magnitude (and consequently charge
magnitudes) are equal on each sphere |VA| = |VB|. The distance of each charge from the sphere
center di is computed as a value normalized with the radius using:
rn =
1
d/R− rn−1 (3.16)
where n > 1 and rn = dn/R. The ratio of charges, Equation 3.15, and normalized distances,
Equation 3.16, are numerically computed for a finite series of M terms. For the geometries and
charges used in this dissertation, a series of 20 terms is accurate. Finally, each charge value qn
may require linearly scaling so that the total charge on each sphere is equal to the effective sphere
charge
qˆ =
M∑
n=1
qn
computed earlier with position dependent capacitance. The normalized distances are converted to
absolute distances by multiplying by the sphere radius. The net Coulomb force on the spheres is
then computed by summating the force between each individual charge from both spheres based
on Equation 3.4:
F = kc
M∑
i=1
 M∑
j=1
qiqj
(d−Rxi −Rxj)2
 (3.17)
First order approximation. An alternate model for uneven charge distribution is the first
order approximation demonstrated graphically in Figure 3.3. This model shifts the position of each
of the original charges from the sphere centre by an offset (δd). The resulting effective separation
between the charges accounts for uneven charge distribution. It is shown in Figure 3.3 the setup for
spheres of equivalent potential and polarity (repulsive force), however a similar approach is used
for the attractive force case. Again, for both repulsive and attractive forces it is assumed that the
potential magnitude (and consequently charge magnitudes) are equal on each sphere, |VA| = |VB|.
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The model computes the separation offset for a each sphere by arranging Equation 3.9 given the
potential at all positions on each sphere is equal (VL and VR) to produce the set of equations:
VL =
kcqA
RA − δd +
kcqB
d+R+ δd
(3.18)
VA =
kcqA
RA + δd
+
kcqB
d−R+ δd (3.19)
Combining these two potentials gives the equation:
1
R− δd +
1
d+R+ δd
=
1
R+ δd
+
1
d−R+ δd (3.20)
which is rearranged to produce a cubic equation in δd that is analytically solved. The solution
selected is the positive and real distance solution that is:
δdrepulse = Real
[
1
12
{
− 4R+ 8d− 4(−2)
1/3(−2R+ d)2
Υr
− 2(−2)2/3Υr
}]
(3.21)
where
Υr =
(
(2R− d) (8R2 + 19Rd+ 2d2)+ 3√3√Rd(−2R+ d)2 (16R2 + 11Rd+ 4d2))1/3
Numerically computing this solution over the range of testbed separations produces a small imagi-
nary component (16 orders of magnitude less than distance value) and is omitted. This solution is
then added to the original separation to give the effective separation for repulsive forces:
d¯ = d+ 2δdrepulse (3.22)
Similarly the same procedure is applied to the attractive force case where the spheres have equivalent
potential but opposite polarity. The resulting separation offset solution is:
δdattract = Real
[
1
12
{
− 4(2d+R) + 4(−2)
1/3(d+ 2R)2
Υa
− 2((−2)(2/3))Υa
}]
(3.23)
where
Υa =
(
−(d+ 2R) (2d2 − 19dR+ 8R2)+ 3√3√−dR(d+ 2R)2 (4d2 − 11dR+ 16R2))1/3
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In this situation the charges of each sphere are effectively moved closer together, increasing the
effective Coulomb force due to the decreased separation given by:
d¯ = d− 2δdattract (3.24)
To compute the force with induced effects using this method the effective separation is substituted
into Equation 3.14 to give:
F = kc
qˆAqˆB
d¯2
(3.25)
This Coulomb force model accounts for both the position dependent capacitance as well as the
induced charge effects.
3.2 Vacuum model verification with numerical analysis
With improvements to the model made, it is beneficial to quantify the extent of improvement
as well as verify the solutions with numerical simulations. Numerical simulations are performed
using the software package Maxwell R© 13.0 by ANSYS. Maxwell R© provides 3D electromagnetic and
electric field simulations using finite elements.1
To quantitatively compare the contribution of each model, Figures3.4 and 3.5 show the
Coulomb force of each model along with the point charge force of Equation 3.4. Figure 3.4 shows
the increase from the point charge force that occurs for attractive forces, while Figure 3.5 shows
the reduction from the point charge force. All forces are computed with parameters based on the
testbed. The spheres have a 25 cm diameter, are charged to 30 kV and operate on a range of
separations from 30 cm to 80 cm.
The method of images model is computed using 20 charge terms and is adjusted to give
an overall charge computed using Equation 3.5 to allow direct comparison to the first order ap-
proximation. Higher order terms were also investigated but offered minimal solution improvement.
The force with uneven charge effects using the charge images agrees well with the first order ap-
proximation solution. Given the ease of implementing the analytic expression of the first order
1 http://www.ansoft.com/products/em/maxwell/, 11/17/11
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Figure 3.4: Components of attractive vacuum Coulomb force model for spheres at 30 kV, comparing
final combined analytic model to numerical solution
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Figure 3.5: Components of repulsive vacuum Coulomb force model for spheres at 30 kV, comparing
final combined analytic model to numerical solution
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approximation, this model will be used in the remainder of computations that include induced
effects.
In the repulsive case, with the inclusion of just the system capacitance and resulting effective
charge model the Coulomb force is reduced by 50% from the vacuum point charge model. This
comparison is made at the closest separation distance on the testbed. In the attractive case, the
force increases the force by 194% from the point charge force at closest separation. Through to
separations of 80 cm (6.4 radii) the effects of the close finite spheres and system capacitance is still
significant.
The effect of just the induced charge models is also included in this comparison. The results
indicate that for very close proximities the effective force with just induced effects decreases the
force by 27% for the repulsive case and increases by 64% for the attractive case. The induced charge
models also agree well with one another, and beyond a separation distance of 50 cm (4 radii) the
net force effects are minimal.
The most important force calculation in this figure is the combination of the finite spheres
with position dependent capacitance uneven charge distribution model, denoted the “Combined
vacuum model”. This accurately captures the true force between two closely separated charged
spheres, based on Equation 3.25 using the first order approximation to capture the induced charge
influences. This combined model indicates the true repulsive force decreases by 62% from the point
charge force and the attractive force increases by 380% calculated at the testbeds closest separation.
Finally, the combined model agrees well with the numerically solved solutions, verifying the
suitability of using the analytic Coulomb force model in Equation 3.25 for spheres in close proximity
in a vacuum. This combined vacuum force model using the first order approximate solution is used
for future force model computations to the vacuum case.
3.3 Simplified analytic Coulomb force modeling in a plasma
A charged body in a plasma will have an altered potential field from the vacuum case.
The free-flying charged particles screen the potential field causing it to drop off more rapidly
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than vacuum Laplace expression of Equation 3.6. This results in the capacitance of an isolated
sphere being altered as well as partially shielding the Coulomb force between charged objects. In
this section the characteristics of Coulomb forces in a plasma are developed and a force model is
proposed.
3.3.1 Electrostatic field about a charge
Consider a single charge within a homogenous plasma that is at equilibrium. The electrostatic
potential and charge motion within the plasma sheath of this charged body is governed by Poisson’s
second-order differential equation [65]:
∇2Φ = − e
0
(ni − ne) = −eno
0
[
1− Exp
(
eV
κTe
)]
(3.26)
This is derived with the assumption that at infinity (Φ = 0), the electrons have a Maxwellian
velocity distribution. This second order differential equation cannot be solved for an analytic
expression of the potential field about the charge in a plasma. Numerical solutions can be computed
with finite element solvers and using techniques such as the turning point method [108].
However, assumptions can be made and analytic solutions are proposed. By neglecting the
electron density, an approximate solution was found independently by both Child and Langmuir in
the early 20th century. This lead to the Child-Langmuir law for a plasma sheath that applies for
neutral, planar, and collisionless plasmas that are source-free [65].
Performing a Taylor series expansion on the exponential term in Equation 3.26, keeping only
the first-order term, and assuming the body has a low potential compared to the local plasma
thermal energy:
ecV  κTe (3.27)
produces the reduced linear differential equation [52; 156]:
∇2Φ = − e
2no
0κTe
V (3.28)
For an isolated charge in an isotropic plasma there exists spherical symmetry so that this equation
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is simplified to:
∂2
∂r2
(rV )− e
2no
0κTe
(rV ) = 0 (3.29)
which has a solution [49]:
Φ(r) = kc
qA
r
e−r/λD (3.30)
This is the Debye-Hu¨ckel approximation of the craft potential field about a charge in a plasma.
This was developed by Peter Debye and Erich Hu¨ckel in the 1920’s, originally for electrolytic
solutions[34].
The advantage of using this Debye-Hu¨ckel potential field is that it provides a simplified
analytic solution without the need for numerically solving the full Poisson-Vlasov equations. The
consequence of neglecting the higher order terms in the Poisson’s partial differential equations is
that there is less plasma shielding of the electrostatic fields. The result is that this Debye-Hu¨ckel
representation is a conservative estimate on the potential function that might actually exist about
the charged body in a plasma [97].
Figure 3.6 demonstrates graphically the differences in the potential field from the surface of
an isolated 1 m sphere charged to a potential of 50 kV between the vacuum and Debye-Hu¨ckel
models. The vacuum potential field that corresponds to a vacuum bounds the upper limit of the
potential curve, while the Debye-Hu¨ckel lower limit is computed for a worst-case, quiet plasma,
Debye length λD = 4 m. The true potential field decay will lie in the shaded region between these
curves. As the Debye length increases, these lines become closer together.
Given that the E-field and consequently the force is computed from the derivative of the
potential field the Coulomb force is also bound within these curves, also shown in Figure 3.6. Due
to the gradient of the potential function being larger at very close separations, the E-field for
the Debye-Hu¨ckel model is actually larger than the Laplace, consequently the force in this region
can also be larger. For the CFF concept this is an impractical separation for free-flying craft,
except perhaps for deployment conditions. However, this may be advantageous for close proximity
Coulomb concepts such as the membrane structure developments. For CFF developments it is
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suitable for analytic developments and computations to use the Debye-Hu¨ckel force model as it
provides a lower limit of force production in a plasma.
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Figure 3.6: Vacuum and Debye-Hu¨ckel potential and electric fields from an isolated, 1 m sphere
charged to 50 kV in a λD = 4 m plasma
3.3.2 Force between sphere and point charge
For a sphere in a plasma with a fixed surface potential the Debye-Hu¨ckel approximation of the
craft potential field is modified from Equation 3.30 so that the plasma shielding only commences
from the spherical radius [52; 170]:
Φ(r) =
VARA
r
e−(r−RA)/λD (3.31)
Taking the gradient of this potential function yields the spherically symmetric E-field for r ≥ RA:
E(r) = −∇rΦ(r) = VARA
r2
e−(r−RA)/λD
(
1 +
r
λD
)
(3.32)
In order to compute the Coulomb force when a point charge is placed in this potential field,
an expression for the charge of the sphere which has the desired potential surface potential VA is
obtained. Even for an isolated sphere, the plasma alters its capacitance so that the relationship
between charge and potential, of Equation 3.5, no longer holds. Assuming a homogenous surface
charge density σ across the sphere (suitable given an isolated sphere and a well-mixed, neutral
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plasma), the total charge q residing on the surface is calculated with:
E(r = RA) =
σ
o
=
q
Ao
(3.33)
Defining A = 4piR2 as the spherical surface area and kc = 1/(4pi0) is the Coulomb constant, results
in the total charge relationship [170]:
qA = VA
RA
kc
(
1 +
RA
λD
)
(3.34)
The resulting capacitance of an isolated sphere in a plasma is [170; 110]:
CS =
RA
kc
(
1 +
RA
λD
)
(3.35)
This indicates that a craft that maintains a fixed potential will hold a charge that is also influenced
by the local plasma. If the plasma Debye length is very small (i.e. LEO regime), the space weather
could have a significant impact on the sphere’s capacitance, and its effective charge. If this plasma
has minimal interaction (large Debye lengths, RA  λD) this charge on the isolated sphere reduces
to the classical vacuum formulation of Equation 3.5. If the second charge is an infinitesimal point
charge that does not effect the charge of the sphere the resulting Coulomb force is computed based
on Equation 3.32 to give:
F =
VARAqB
d2
e−(d−RA)/λD
(
1 +
d
λD
)
(3.36)
There is a slight discrepancy on the force on the sphere to that on the point charge with this
computation. The discrepancy arrises from the plasma shielding which is computed for different
separations (r−RA) between the sphere and the point charge in each direction. Direct comparison
of these forces is shown in Appendix A. It also shows that if a taylor series expansion of the
additional exponential quantity is performed the first order terms are cancelled and if (RA  λD)
then the forces are in fact the same value.
3.3.3 Force between finite spheres
Rearranging Equation 3.34 gives the charge on a sphere due to its potential, including the
capacitance from the local plasma. If there are two spheres in close proximity it is also necessary to
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include the effects of the second sphere. Combining Equations 3.31 & 3.34 for two spheres separated
center-to-center by d, gives the set of equations in matrix form:VA
VB
 = kc

1
RA
(
λD
RA + λD
)
1
d
(
λD
RB + λD
)
e
−(d−RB)
λD
1
d
(
λD
RA + λD
)
e
−(d−RA)
λD
1
RB
(
λD
RB + λD
)

︸ ︷︷ ︸
C−1P
q¯A
q¯B
 (3.37)
where CP is the capacitance of the combined charged system including the plasma. For a desired
surface potential on each sphere this system of equations are inverted to solve for the effective
charges q¯i. These charges are used to compute the resulting Coulomb force between the spheres
using:
F = kc
q¯Aq¯B
d2
e−(d−RA)/λD
(
1 +
d
λD
)
(3.38)
which is obtained from Equation 3.36 by substituting for VA using the vacuum capacitance rela-
tionship of Equation 3.5. The effects of the plasma on the sphere capacitance are still captured
when solving for the charge with Equation 3.37. To also capture the effects of uneven charge dis-
tribution for spheres operating in extreme close proximity the effective sphere separation can be
computed for either repulsive or attractive forces using Equations 3.22 & 3.24 and substituted into
Equation 3.38 to give the Coulomb force:
F = kc
q¯Aq¯B
d¯2
e−(d−RA)/λD
(
1 +
d
λD
)
(3.39)
This is a proposed Coulomb force model between two finite spheres in a plasma. To date
numerical solutions have not been used to verify this model. This is not feasible to achieve within the
scope of this dissertation given the complexities of implementing and using a full plasma numerical
solver. Follow on developments plan to use electrostatic finite element packages for the purposes
of verifying this proposed force model in a plasma.
Again, this plasma force model is a conservative estimate of the force between charged bodies
in a plasma and is best suited when ecV  κTe. The following section quantifies under what charge
conditions violate ecV  κTe for each plasma. In addition, when this condition is violated a analytic
method to more appropriately fit the true force between charges in a plasma is investigated.
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3.4 Spacecraft and plasma energies
The Debye-Hu¨ckel potential field and resulting Coulomb force model is an analytic expression
that is derived by assuming ecV  κTe holds. Table 3.1 quantifies the spacecraft surface potential
required to match the plasma thermal energy, i.e. ecV = κTe. For all plasma conditions except
the rare disturbed environment the potentials required are well below the kilovolt levels that are
required for the Coulomb formation flight concept and those that are also used on the testbed.
Therefore quickly, the potentials violate the ecV  κTe assumption and while providing an analytic
expression for the Coulomb force between charged bodies it is a conservative estimate.
Table 3.1: Spacecraft potentials required to equal plasma energy (ecV = κTe)
Plasma Conditions Debye Length Surface Potential
λD [m] VA [V]
GEO Quiet 4 3
GEO Nominal 200 900
GEO Disturbed 743 10000
LEO Nominal 0.01 0.2
3.5 Effective Debye lengths and Coulomb forces
If a craft potential is potential is much less than plasma energy (ecVscA  κTe) than the
Debye-Hu¨ckel potential of Equation 3.31 is a good approximation. If the craft potential is signifi-
cantly greater than the plasma (ecVscA  κTe) than the plasma response is closer to the Laplace
potential of Equation 3.6. For the Coulomb formation flight application the potentials and plasma
properties have similar magnitudes. Consequently the two approximations available give bounds
on the range of potential decay from a charged body in a plasma. The resulting Coulomb force
that is derived from these potential fields is also bound by these analytic representations.
One method to analytically compute the force within this range is with the an effective Debye
length. The effective Debye length, λˆD, is defined by a scaling parameter, α, and the unperturbed
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Debye length with the expression:
λˆD = αλD (3.40)
This effective Debye length is larger than the true Debye length and consequently reduces the
screening of the potential field. It can then be substituted directly into the Debye-Hu¨ckel Coulomb
force to more appropriately match the true force. The effective Debye length is numerically com-
puted based on plasma conditions, craft size, and potential. This effective Debye length is computed
from numerical solutions in Reference [97] and demonstrated for the ’electrostatic tractor’ concept
with near Earth objects.
In this NEO application the interplanetary Debye length is 7.4 m, however with potentials
up to 20 kV, Murdoch calculates that the effective Debye lengths can be as great as 349 m. This
is a scaling increase of approximately 50, and results in significantly less force partial shielding.
Preliminary calculations for CFF spacecraft charged to 30 kV indicate α values between 1-20,
depending on the local plasma conditions and craft sizes.
The benefit to this is that it allows efficient analytic force computations with improved
accuracy. It is also possible that meter level effective Debye lengths can occur around charged bodies
at LEO. This improves the Coulomb forces magnitudes and makes them viable for applications such
as inflation of membranes or similar at cm level separations.
3.6 Summary
The fundamentals of Coulomb forces between charged bodies is expanded from a vacuum to
a plasma. A Coulomb force model that includes plasma and position dependent system capaci-
tance and induced effects is developed and proposed as a suitable, yet conservative, representative
force between spheres. Understanding these electrostatic force interactions is integral for further
developments. Developed in the next chapter is the space-based estimation problem that uses a
force model developed here.
A task of this dissertation is also to determine if there is a suitable Coulomb force model for
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the terrestrial testbed. Ultimately the plasma Coulomb force model proposed here is applied to force
actuation on the testbed to capture atmospheric electrostatic interactions. The appropriateness of
using this plasma equation is determined by fitting an atmospheric “Debye Length” (λ¯D) to testbed
experimental results. This provides a means to compare the partial force shielding of a plasma to
the atmospheric interactions of the terrestrial environment.
Chapter 4
Space-based Coulomb relative motion estimation
A theoretical foundation of spacecraft plasma interactions and Coulomb force modeling has
been developed in previous chapters. A progressive step is to use this knowledge to analyze aspects
of the space-based relative motion sensing and estimation capabilities. This chapter demonstrates
the complexities involved with accurately sensing a Coulomb actuated spacecraft pair in a space
plasma environment.
To perform Coulomb formation flight in space requires the use of relative motion sensing
and estimation. Specifically, it is beneficial to understand the capabilities of estimation in space
using the relative motion of two charged craft. This incorporates the partial charge shielding from
a plasma that inherently changes with time. Using the known relative motion of two charged
spacecraft and the plasma Coulomb force model it is shown to what accuracy parameters such as
plasma Debye length and craft potential can be estimated. This is only a preliminary estimation
study and will ultimately lead to follow on work beyond this dissertation.
To quantify these capabilities a batch algorithm is used with simulated measurements of
an idealized system. The analysis also bounds the accuracy requirements on sensors for relative
motion and spacecraft charging and includes realistic sensor noise. This estimation work gives an
appreciation of the difficulties and requirements of future CFF missions. It also sets the groundwork
for future real-time estimation of parameters on the testbed hardware as a precursor to space-based
implementation.
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4.1 Motivation and setup
The primary goal of this chapter is to bound the capabilities of performing space-based
estimation of the plasma force and parameters using charged relative motion. A focus is to inde-
pendently estimate the plasma Debye length or the potential of one craft and determine what state
accuracy is required to obtain these solutions. This requires the use of the plasma force models
developed in Chapter 3 and then has follow on applications to estimation on the testbed.
For this estimation application an idealized two craft system operating in deep space is
modeled. It incorporates no gravity, differential solar radiation pressure, thrusting or outgassing.
The 50 kg craft are spherical with 1 meter radii and an initial separation of 10 m center to center.
Maneuvers and variable charge levels are feasible, however for this study a fixed potential of 30
kV is applied to each craft. The resulting Coulomb force that repels the craft is computed for two
plasma conditions; nominal (λD = 200 m) and the more extreme shielding from the quiet (λD = 4
m) plasma. The simulated measurements are the relative acceleration between the craft sampled
at 5 s time steps for a total data set of 10 mins (120 measurements).
4.2 Batch estimation development
The parameters estimated separately in this study are the plasma Debye length and the
potential of one craft using relative motion (acceleration) measurements. These are both interesting
and suitable scopes of study for the space based CFF application. If the craft are operating in close
proximity they can utilize inter-satellite communication and relative motion sensing for accurate
sensing of the local plasma environment without the need for sensors such as Langmuir probes.
The mathematical developments of the batch estimator are shown here. For this case the
estimating state vector is the scalar constant:
X∗ = λD (4.1)
The a priori of the estimate, x¯0, is set to the truth (200 m or 4 m) by default, however is an analyzed
parameter and a range of values are studied. The measurement model of this analysis is based on
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the Coulomb force that includes the partial force shielding from the plasma as well as the position
dependent capacitance of the finite spheres in a plasma. It does not include the uneven charge
distribution model, as the separation distance is large enough to omit. This proposed Coulomb
model originally derived in Equation 3.38 is repeated again here:
F = kc
q¯Aq¯B
d2
e−(d−R)/λD
(
1 +
d
λD
)
where q¯i are computed from inverting the capacitance relationship of Equation 3.37 that includes
plasma and close proximity finite sphere effects. The resulting repulsion force between these two
craft is computed using Equation 4.2 and graphically displayed for each plasma condition in Fig-
ure 4.1(a). This clearly demonstrates the difference in force magnitudes due to plasma shielding.
Plotted in Figure 4.1(b) is the resulting separation of the two craft over this 10 min interval.
0 2 4 6 8 100.2
0.4
0.6
0.8
1
Time (min)
Fo
rc
e 
(m
N)
 
 
λD = 200 m
λD = 4 m
(a) Coulomb Force
0 2 4 6 8 1010
10.5
11
11.5
12
12.5
13
Time (min)
Se
pa
ra
tio
n 
(m
)
 
 
λD = 200 m
λD = 4 m
(b) Spacecraft Separation
Figure 4.1: Coulomb force and resulting relative distance as a function of time for the two craft in
each plasma
With equivalent sphere potentials and radii, the measurement model is:
F =
VAVBR
2(d+ λD)(λD +R)
2e
d+R
λD
kcλ3D
(
ded/λD + eR/λDR
)2 (4.2)
which is arranged to give the equation of motion where the parameter being estimated is the Debye
length λD:
d¨ =
VAVBR
2(d+ λD)(λD +R)
2e
d+R
λD
mkcλ3D
(
ded/λD + eR/λDR
)2 (4.3)
78
Here, d is the center to center separation of the spheres and m is the mass of the craft. The simulated
measurement at time i is the relative acceleration of the craft, Li = d¨i. The measurement sensitivity
H˜i is computed from the predicted measurements Ci and due to the single state being constant is
also mapped back to epoch as the Jacobian [147]:
H˜i =
∂Ci
∂X∗
= Hi = − kcVAVBR
2(λD +R)e
d+R
λD
kc2mλ5D
(
ded/λD + e
R
λDR
)3{− d3ed/λD(λD +R)+
e
R
λD λDR
[−2R2 + r(λD +R)]+ d2(e RλDR(λD +R) + ed/λD [2λDR+ r(λD +R)])
+ d
(
ed/λDλD[2λDR+ r(λD +R)] + e
R
λDR
[
r(λD +R) + 2
(
λ2D + λDR−R2
)])}
(4.4)
This example case is observable and a batch processor is used to obtain an estimate of the
constant shielding parameter. In order to obtain this estimate, the observation residuals are com-
puted from the difference between simulated and predicted measurements yi = Li−Ci. Processing
through each of the measurements the normal equation is accumulated:
(HTWH)xˆ0 = H
TW~y (4.5)
where W is the measurement weighting matrix at each time and xˆ0 is the epoch state deviation
vector. For this example application with a single range measurement, W is a scalar that equals
the inverse of the measurement noise uncertainty. The measurement is assumed to be Gaussian.
The epoch state deviation xˆ0, which is the best estimate of state (λD), is obtained by solving:
xˆ0 = (H
TWH)−1HTW~y (4.6)
This solution is used to update the reference state at epoch as well as the a priori information x¯0
using:
X∗0 = X
∗
0 + xˆ0 (4.7a)
x¯0 = x¯0 − xˆ0 (4.7b)
The entire batch process is reiterated using the same data set to improve the solution estimate
until it meets a desired tolerance (1×10−4).
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4.3 Estimating plasma Debye length
The first simulation results analyzed are the estimation of the plasma Debye length. To
verify the solution convergence using the algorithm, computations are made with unperturbed
(noise-free) measurements but initial estimate errors for each plasma. The results of Debye length
solution convergence as a function of number of batch iterations is shown in Figure 4.2.
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Figure 4.2: Convergence of Debye length estimate solutions for each plasma
For the λD = 200 m plasma the initial estimate is conservative by 50% and converges to the
truth within 3 iterations as shown in Figure 4.2(a). Similarly, Figure 4.2(b) demonstrates an initial
overestimate of 50% from the λD = 4 m plasma converges within 3 iterations also.
To analyze the robustness of the estimator to initial condition error the plasma Debye length
is computed over a sweep of a priori values (1-400 m, an anticipated range of craft potentials). This
still uses perfect acceleration measurements. The resulting estimate error as well as the number of
iterations necessary to compute each solution are shown for each plasma condition in Figure 4.3.
The red solutions indicate the solution is not viable as the estimation diverged or a negative solution
found.
The results of this analysis indicate the accuracy requirements of the initial estimate of the
plasma Debye length. For the 200 m Debye length an estimate between 20 m to 390 m (10–195%)
will converge to the correct solution. For the 4 meter case a correct solution is found with initial
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estimates between 1.4 m to 7 m (35–175%). A summary of the range of a priori Debye length values
that are required for accurate estimation convergence for each plasma are shown in Table 4.1.
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Figure 4.3: Debye length solutions based on a priori value
Perfect measurements are not realistic. Studied here is the effect of measurement noise on
solution accuracy. Normally distributed white noise is added to the acceleration measurement.
Figure 4.4 displays the acceleration measurement for each plasma, overlaid with noise. Noise
with a mean magnitude of 1×10−6 ms−2 from the perfect acceleration measurement is shown
in Figure 4.4(a). This is approximately 1/10th the magnitude of the acceleration signal in this
simulation.
Figure 4.4(b) shows the same acceleration with noise of mean magnitude magnitude of 1×10−4
ms−2 added. This is approximately ten times the acceleration signal of this simulation. To place
these values into perspective, the accelerometers onboard the Gravity Recovery And Climate Ex-
plorer (GRACE) spacecraft have an accuracy down to 1×10−10 ms−2 [39].
It is beneficial to see what requirements of accuracy are needed on the acceleration mea-
surement in order to estimate the Debye length. To achieve this, a varying noise value with mean
magnitudes ranging from 1×10−9 to 1 × 10−3 ms−2 are added to the perfect acceleration mea-
surement. The estimation error and number of required iterations for each plasma are shown in
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Figure 4.4: Relative acceleration measurements and examples of added noise
Figure 4.5. These solutions assume a perfect initial estimate on the Debye length value for each
plasma. The red solutions indicate the solution is not viable as the estimation diverged or gave a
negative value.
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Figure 4.5: Debye length solutions based on noise magnitude
In the 200 m Debye length plasma the estimation accurately computes the Debye length up to
noise levels of approximately 3×10−7 ms−2. Interestingly, the quiet, 4 m plasma can tolerate noises
up to approximately 1 × 10−4 ms−2 which is similar magnitude to the measurement value itself.
It is found that adding an error to the initial estimate of the Debye does not shift the accuracy
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of solution relative to sensor noise, it typically just increases the number of iterations necessary
to compute the solution. A summary of the range of measurement noise values for each plasma
condition is shown in Table 4.1.
Table 4.1: Range of a priori and measurement noise values required for estimating Debye length
study parameter λD= 200 m λD= 4 m
a priori estimate 20 – 390 m 1.4 – 7 m
measurement noise < 3×10−7 ms−2 < 1×10−4 ms−2
4.4 Estimating the potential of one craft
In this simulation case the same two craft system with equivalent properties and dynamics
are used. The parameter being estimated in this setup however, is the constant scalar potential of
one of the craft:
X∗ = VB (4.8)
This is computed given the same relative acceleration measurements and with the craft
potential VA known as well as the plasma Debye length λD known. This situation is seen as a
feasible application corresponding directly to the GEO debris removal concept. In this situation a
charged craft that features plasma sensing equipment, such as a Langmuir probe, transfers charge
to a uncooperative debris object whose potential is not directly measurable.
The same batch algorithm developed in Section 4.2 is used here, however the modeled equa-
tion of motion requires derivation without the equivalent potential assumption VA 6= VB:
d¨ =
e
d+R
λD (d+ λD)R
2(λD +R)
2
(
ded/λDVB − e
R
λD VAR
)(
ded/λDVA − e
R
λD VBR
)
kcmλ3D
(
d2e
2d
λD − e
2R
λDR2
)2 (4.9)
The new measurement sensitivity is computed as:
Hi =
e
d+R
λD (d+ λD)R
2(λD +R)
2
(
d2e
2d
λD VA − 2de
d+R
λD VBR+ e
2R
λD VAR
2
)
kcmλ3D
(
d2e
2d
λD − e
2R
λDR2
)2 (4.10)
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Using these equations the batch estimator is first tested with a simple case with no noise
but an initial estimate error that is very large relative to the true potential of the craft (30 kV).
Figure 4.6 demonstrates the convergence of the algorithm for the 200 m plasma with an a priori of
1 kV and a 4 m plasma with an a priori of 100 kV. For each plasma, the estimator convergences
on an accurate solution within 3 iterations.
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Figure 4.6: Convergence of craft potential estimate solutions for each plasma
To analyze the robustness of the estimator to initial condition error the craft potential is
computed over a sweep of a priori values (1 kV to 50 kV, an anticipated range of craft potentials).
This still uses perfect acceleration measurements. The resulting estimate error as well as the number
of iterations necessary to compute each solution are shown for each plasma condition in Figure 4.7.
The results of this analysis indicate that the accuracy of the initial estimate of the unknown
craft potential is not a critical factor. Here all solutions converged within at least 4 iterations across
the entire 1-50 kV initial estimates. These results indicate that this scenario of estimating one craft
potential is readily observable and robust to a priori values. A summary of the range of spacecraft
potential a priori values that are required for accurate estimation convergence for each plasma are
shown in Table 4.2.
Again, it is beneficial to see what requirements of acceleration measurement accuracies are
needed in order to estimate the craft potential. The equivalent range of noises with mean mag-
nitudes of 1×10−9 to 1 × 10−3 ms−2 are added to the perfect acceleration measurement. The
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Figure 4.7: Craft potential solutions based on a priori values
estimation error and number of required iterations for each plasma are shown in Figure 4.8. These
solutions assume a perfect initial estimate on the craft potential value. The red solutions indicate
the solution is not viable as the estimation diverged or gave a negative value.
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Figure 4.8: Craft potential solutions based on noise magnitude
In this estimation scenario the noise magnitude has a similar effect on both the 200 m and 4
m Debye plasma conditions. The algorithm accurately computes the unknown craft potential up to
noise levels of approximately 5× 10−5 ms−2. This is a good finding that suggests that it is possible
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to estimate the potential of a charged craft with relative acceleration measurements with obtainable
noise levels. A summary of the range of measurement noise values for each plasma condition is
shown in Table 4.2.
Table 4.2: Range of a priori and measurement noise values required for estimating craft potential
study parameter λD= 200 m λD= 4 m
a priori estimate 1 kV to 50 kV 1 kV to 50 kV
measurement noise < 5×10−5 ms−2 < 5×10−5 ms−2
4.5 Summary
A batch algorithm is developed for two operational scenarios for charged relative motion
of two crafts. It is demonstrated that relative motion accelerations measurements can be used
to estimate the Debye length using the proposed plasma force model that incorporates combined
capacitance of two finite spheres and plasma effects. This is achievable given the potentials of each
craft are known. The second scenario involves a craft of unknown potential, however the potential
of one craft is known as well as the local plasma Debye length (a feasible situation for the Coulomb
GEO debris removal concept).
These analyses feature ideal two craft scenarios but give an indication of the level of initial
estimates and sensor measurement noise requirements that are necessary to accurately compute the
unknown parameters. The system is robust to unknown craft potential; however the a priori on the
Debye length requires higher accuracy due to the more complex observability of this parameter and
likely because it is beyond the linear region for filter convergence. For both situations, solutions
are obtained with acceleration measurements that feature realistic noise magnitude levels.
This preliminary study gives an appreciation for estimation beyond just space-based appli-
cations, with follow-on work to look at implementing the estimation techniques on the testbed.
It is envisioned that the cart’s relative motion and known voltages can be used to estimate the
terrestrial partial force shielding and capture any time dependancies in real-time. This is beyond
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the level of scope of this dissertation but is a direct precursor to future space-based estimation
techniques.
Chapter 5
The Coulomb testbed
In order to fulfill a preponderance of the research goals listed in Section 1.5, a testbed for
electrostatic relative motion control is needed. This chapter gives details on the methodology
used to construct and operate the testbed. This includes characterizing the hardware systems and
identifying and mitigating disturbances through sensing and motion results.
5.1 Coulomb testbed overview
Section 1.7 listed the unique constraints that make the task of developing a Coulomb testing
platform challenging. Considering these challenges and meeting the goals of designing and devel-
oping an original and dedicated testbed, a list of specific design requirements are generated for the
custom testbed and shown in Table 5.1.
Table 5.1: Testbed design requirements
Independent hover capability of multiple craft
Minimal air flow requirements
Scalable track length
All encompassing safety cage and procedures
Electrostatic charging mechanisms and autonomous control
Accurate position sensing and logging
Charge polarity switching < 1 s
Accelerations > 5 mm/s2
These requirements stem from the need to design an adaptable testbed platform that accounts
for long term use. This allows future expansions to be made enabling experiments to be conducted
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beyond the goals of this research. Future efforts may include track extensions, multiple craft relative
motion studies, two-dimensional testbed and environment modeling or vacuum operation.
A primary feature of this dissertation research is the design and construction of the one
dimensional Coulomb testbed in the Autonomous Vehicle Systems (AVS) Laboratory. The unique
testbed is shown in Figure 5.1. It features metallic spheres that are charged with electrostatic
power supplies. One sphere sits on a cart and moves along a near-frictionless air bearing track.
The vehicle’s position is manipulated by controlling the charge of the spheres, which is driven by
their respective potential levels. Major hardware components are labelled in Figure 5.1.
Cart
I-beam
track
Stationary
sphere
Safety 
LED
Cart position 
LED
Potential 
level LED
Laser
Figure 5.1: Testbed for cart position control with Coulomb forces
In space charge control hardware, based on hollow cathodes or field emission, are used to con-
trol the craft potential through charge emission. This is not feasible in an atmospheric environment,
so electrostatic power supplies are implemented to charge the spheres to desired potentials.
In order to successfully implement Coulomb control in the laboratory, it is necessary to
quantify and mitigate disturbances so Coulomb forces dominate cart motion. For this research the
disturbances are broken down into two main categories:
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• Mechanical - systematic and random disturbances that can be present at all times
• Electrostatic - disturbances that arise during and as a consequence of electrostatic actuation
The mechanical disturbances include gravity (modeled by track tilt biases and uneven cart mass
distributions) and uneven air flow along the track length. Also included here is the system char-
acteristics such as delays in the power supply outputs. Hardware component discrepancies such as
these are identified and characterized for terrestrial Coulomb force modeling.
Electrostatic disturbances are interferences which arise during Coulomb actuation as a result
of the E-fields. These disturbances also include any residual effects that remain in the apparatus
and surrounding atmosphere. Both forms of disturbances are quantified using experimental cart
glide test results as well as direct measurements with sensing equipment. The calibrations and
findings are discussed in this Chapter.
5.2 Hardware apparatus
Additional pictures of the testbed apparatus is shown in Figure 5.2. This illustrates the
aluminum coated styrofoam spheres of 12.5 cm radius. The sphere size is chosen to maximize
charge, minimize mass, and allow an adequate range of motion on the track length. Hollow metallic
spheres are not feasible at this size as they are too heavy to be actuated on the testbed. Tests
conducted with smaller spheres comparing aluminum coated styrofoam and plastic to stainless steel
hollow spheres indicated minimal difference between force levels produced.
The non-conducting, air bearing track is constructed of Delrin R© is a constructed of poly-
oxymethylene, which is commonly known as Delrin R©. An advantage with Delrin R© is that it is
easily machined to the tolerances and surface finishes required for the track and for a single piece
of plastic this large it maintains dimensional stability. Alternate track materials such as the glass
fiber weave G-10, and the low dielectric constant polyethylene which comes in a anti-static form
with added carbon powder were prototyped however did not meet criteria. G-10 is very expensive
and difficult to machine, while polyethylene underwent significant warping and deformation over
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Figure 5.2: Coulomb testbed components
time.
Computer-aided design software is used to visualize components of the track and design
integration for drafting and enabling manufacture. The I-beam track and components are shown
in Figure 5.3. An I-beam track support made of two pieces of high density polyethylene as it is
inexpensive, easy to machine and provides suitable rigidity and support. The I-beam design was
selected as it provides good lateral support to the track, does not interfere with track air hole design
and allows the air connection hoses to be easily connected on the bottom side of the track. The
entire apparatus sits on a glass table, a strong non-conductor, to limit external charge interference.
The overall track level can be easily adjusted by screwing the fine pitch thumb screw feet on the
I-beam base.
The track has a total length of 76 cm; however experimental cart motion is typically restricted
to within 5 cm of each track end. This length allows for interesting electrostatic station-keeping
experiments to be performed. The setup is general enough to allow multiple-craft to levitate on
the track. At present only one cart is used on the track along with a stationary sphere allowing
relative position control experiments to be conducted. Tests with non-zero equilibrium charges are
performed by slightly tilting the track to simulate a gravity bias in the relative motion.
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Figure 5.3: Drawing of assembled track components
An air flow system on the track can be operated in manually (all air on) or autonomous
modes. For autonomous functionality infrared (IR) sensors are paired to valves through custom
electrical logic circuit to control air flow to flow only underneath the cart. This feature reduces
possible air flow disturbances and minimizes the air flow requirements, a potential future need.
This system has to be completely unobtrusive in a physical and electrostatic sense. It is also
desired that it be inexpensive and not require feedback through a central computer, simplifying the
system in many ways. This isolates the system away from the track and removes the requirements
to have a large array of data acquisition hardware and digitization. The IR sensors are a Sharp
GP2Y0A02YK, which have a 20-150 cm range and are not triggered by neighboring cross paths or
standard lighting. The valves are a Pneumadyne S8-20-24, two-way solenoid that are connected
to a 10 valve manifold. Alternate sensing methods such as inductance and magnetic sensing was
discounted as it requires close proximity and metal objects. Figure 5.4 illustrates the IR sensor
array and electronics connected to the air valve manifold system. Further details on the IR sensing
and analog circuitry is given in Appendix B.
The moveable cart is manufactured from polycarbonate for its smooth surface and dimen-
sional stability. The total cart mass with sphere is 0.328 kg. Cart and track design specifications
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Figure 5.4: Autonomous air flow control system with IR sensors and air valves
are highlighted in Table 5.2. Polarity switching electrostatic power supplies are used to charge the
aluminum spheres and control the motion of the cart. Each bench-top unit is capable of supplying
±30 kV up to 300 µA. This current is more than sufficient for Coulomb testing as the charge needed
is a product of high voltage at low current (electrostatics). They are model CZE 2000 manufactured
by Spellman High Voltage Electronics Corporation.
With the capability to generate potentials as high as 30 kV and operating at separations
of 30-80 cm on the testbed the Coulomb actuation forces that are achievable are estimated using
Equation 3.25. This assumes operation in a vacuum with no force shielding but does include
combined system position dependent capacitance and induced effects. With these spheres the
resulting forces on the testbed at 30 kV are 1 mN to 5.5 mN for repulsion and 2.5 mN to 90 mN
for attraction.
A primary goal of the testbed is to use Coulomb forces to induce motion. The verification of
cart motion and computation of accelerations is performed with a laser. The class 2 laser, model
AccuRange AR1000 manufactured by Acuity Laser Measurement, is positioned along the track
length during testing. The position of the cart can be monitored to the sub millimeter level and
sampled at up to 50 Hz. This particular setup will only allow for accurate measurement of one
cart. Future test beds with multiple craft will have to incorporate additional sensing devices.
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Table 5.2: Testbed specifications
Specification Value
Repulsive force magnitudes 1–5.5 mN
Attractive force magnitudes 2.5–90 mN
Track length 76 cm
Track hole separation 2.54 cm
Track width 14.6 cm
Cart length 21.5 cm
Cart wall thickness 0.4 cm
Cart total mass 0.328 kg
5.3 Testbed operations
The power supplies are externally controlled by the user through a laboratory computer.
The connection is made through a National Instruments PXI-6259 data acquisition (DAQ) card
and two NI SCB-68 shielded breakout boxes. The DAQ card is a 16-bit, multi-channel card that
runs on PCI express architecture. The supplies are monitored and controlled through a custom
GUI developed on Cocoa (Mac OS-X native objective C architecture) and is shown in Figure 5.5.
Power outputs and fault protections are monitored and the voltage level and polarity of each unit
are either controlled manually, with predefined input functions or autonomously with feedback.
This external controllability easily allows manual 1-D simulations to be implemented.
5.3.1 Safety
With safety precaution and proper operating practices, the kilovolt level potentials are safely
implemented in the AVS laboratory. The Spellman electrostatic power supplies have a low power
output, with a maximum of only 9 W. This is a limit on the direct energy available from the power
supplies that could lead to unintentional discharge. However, consideration for charge storage,
such as that on the testbed spheres, must be made. The energy stored in a capacitor that can be
transferred during arcing (spark) is [64]:
W =
1
2
CV 2 (5.1)
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Figure 5.5: Screenshot of the testbed custom graphical user interface
The charged spheres are ultimately storing this open loop charge. With a potential of 30 kV and
a capacitance of 13.9 pF the total energy stored is only 0.063 J which is well within typical safe
limits, if used with appropriate safety measures.
All tests are performed under stringent safety measures in the AVS lab. All electrostatic
and electrical equipment is safely grounded and uses power limiting fuses. Safety and operating
procedures are maintained and used during all preparation and testing. The whole testing apparatus
is contained within a 6 foot high plastic safety cage that incorporates ground connections and a
grounding wand for any necessary discharging. The testbed is only operated with a minimum of
two laboratory personnel present.
As well as electrostatic power supply control through the computer GUI there is an additional
safety step with external power being provided through manual switches. The laser itself has a
visible beam and is safe to use in the lab without eye protection. The testbed also implements LED
warning systems indicating if the power supplies have any output potential as well as the voltage
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magnitude of each supply.
5.3.2 Autonomous operations
An autonomous feedback control algorithm is implemented with the testbed hardware through
the custom C-code application and GUI. The feedback loop operates at 50 Hz and drives the cart to
a desired relative position on the track using the electrostatic potentials of the spheres. A schematic
of the primary hardware systems and feedback loop for this operation is shown in Figure 5.6.
Laser
stationarycart
track
 x
Electrostatic 
power supplies
analog
serial
L
desired
Control
computer Software control
Figure 5.6: Schematic of testbed primary hardware systems and feedback implementation
5.3.3 Experimental maneuver durations
An important consideration with the Coulomb testbed is maneuver durations. For GEO
spacecraft clusters, it is anticipated that Coulomb maneuvers last for fractions of days, to multiple
days. The differential disturbance forces are 1-2 orders of magnitude smaller than the Coulomb
forces [100]. In the laboratory, differential perturbations are a similar order of magnitude to the
Coulomb control force. To accommodate this, the electrostatic charges are increased to create
millinewton level forces, compared to the more typical micro-Newton levels forces in space. As
a result, the maneuver times are reduced for the laboratory experiments to the order of minutes
instead of hours.
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5.4 Apparatus characteristics
In order to utilize the relative motion of the cart for accurate terrestrial force modeling it
is first necessary to understand and characterize the limitations and capabilities of the system.
This includes obtaining quantifying apparatus accuracies through statistical measurement of signal
noise as well as power supply response characterizations such as output time delays. Both of these
aspects are analyzed for the laser and power supplies in this section.
5.4.1 Laser position noise
The laser is the one sensor that is used to ultimately compute the forces acting on the cart
during experiments. This is performed by monitoring the position of the cart and differentiating
and filtering this measurement to obtain the acceleration and consequently force. The statistically
1σ noise standard deviation in the position measurements of this laser is 0.15 mm. This is inherent
to the laser with an approximate 2 Hz error signal. After filtering during the differentiation post
processing this corresponds to a standard deviation error on the force estimate of 0.21 mN. This is
illustrated in Figure 5.7 that shows the force solution for a 30 second segment of position data for
a stationary cart. It also plots the standard deviation bounds. This noise source alone is 20% of
the minimum Coulomb actuation force on the testbed.
5.4.2 Power supply response characterization
The electrostatic power supplies have remote voltage monitoring capabilities. This output
is used to characterize the true system response as it does not always follow the desired signal.
In particular the power supplies indicate a slight reduction in output magnitude and a time delay
when switching polarities. This is evident in the comparison of the desired signal to the measured
system responses of supplies High Voltage A and B (HVA, HVB) in Figures 5.8, 5.9 and 5.10.
To accurate simulate cart motion the discrepancies between desired and output potential
supply response are modeled. The model is developed for each of the power supplies and the
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Figure 5.8: Power supply response to input step function and simulate model response
simulated response is shown in each of the Figures 5.8, 5.9 & 5.10. It is evident that with this
model the simulated response matches the measured response more accurately. The parameters
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Figure 5.9: Power supply response to input sinusoidal function and simulated model response
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Figure 5.10: Power supply response to input saw function and simulated model response
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for this system response model are computed using numerous input signals of varying magnitudes
and time and the delays averaged over all data sets. For example, the time delay at the polarity
crossing is dependent on the potential magnitude and is as large as one second when switching
between ±30 kV.
5.5 Testbed disturbance identification and mitigation
One of the greatest challenges to overcome with the Coulomb testbed is the mitigation of
small disturbances. It is required to reduce disturbances to levels less than the electrostatic forces,
allowing the relative motion dynamics to be dominated by Coulomb actuation. To maintain a
force signal-to-noise ratio (Coulomb : disturbances) greater than unity and allowing for intentional
forces biases, such as track tilt, it is desirable to reduce the summation of all disturbance and noise
forces to below 1 mN. This is the estimated minimum actuation force on the testbed, calculated in
Section 5.2.
Preliminary experiments demonstrating electrostatic actuation on the track were first pre-
sented by Seubert and Schaub at the 19th AAS/AIAA Spaceflight Mechanics Meeting in February
2009 [139]. The disturbances existing in these results were on the order of 10’s of mN, which
limited early experiments to be performed in sub-sections of the track at close separations where
Coulomb forces dominated. Since these results, the sources of these disturbances have been found
and methods of reduction are highlighted in this section.
5.5.1 Mechanical disturbances
The numerous mechanical disturbances that can influence motion experiments are investi-
gated here. To measure the extent of the mechanical track disturbances, glide tests are performed
prior to all electrostatic experiments. These uncharged glide tests are used to quantify and miti-
gate small mechanical perturbations acting on the system. This ensures an optimum configuration
with a minimum mechanical disturbance state is reached and is used for all Coulomb experiments
conducted and presented in this research.
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The disturbance forces acting on the cart during example uncharged glide tests are evident
in Figure 5.11. Here the cart is given a small impulse at one end of the track and ideally glides
with zero force to the other end of the track. The force is plotted for each direction of travel for
a number of data sets and a polynomial fit shown overlaid. The forces are also plotted as vector
magnitudes as a function of track position with zero at the track end closest to the laser. A positive
force is directed away from the laser. The intent of plotting the force profile as a function of track
location is to highlight any common disturbances across test cases.
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Figure 5.11: Disturbance force levels during uncharged glide tests for each direction, including
polynomial fits
The data shown in Figures 5.11(b) and 5.11(a) indicates that the average disturbances for
this setup and across all initial speeds tested are within ± 1 mN and consistent between directions
of motion as the curves are near identical shape. However, the constant bias between the averages
indicates that their is a force that is direction dependent. This trend is observed in all uncharged
glide tests and source of this small error is likely the uneven air pocket that forms under the cart
as it is traveling.
5.5.1.1 Gravitational disturbances
Glides tests of the cart traveling in both directions, such as though shown in Figure 5.11,
are used to identify gravitational disturbances. Gravitational accelerations are reduced through
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improved track surface smoothness and leveling as well as even mass distribution on the cart. If
the track has a slight gravity bias this is quite evident in glide tests and is removed by adjusting
the track tilt.
The first generation of plastic tracks warped as much as 0.1◦, which equates to a disturbance
force as large as 8.5 mN for a 0.5 kg cart. A 1 mN gravity disturbance corresponds to a track angled
at 0.012◦. Resurfacing of the track in its constructed I-beam design in a unstressed state reduced
the total height variation along the track length of 50 cm to below 0.1 mm. The resulting worst
case local deviation occurs at only one end of the track which has a maximum angle deflection of
0.02◦ (≈ 1.7 mN), which is close to the desired 1 mN. However, this occurs within 5 cm of one end
of the track and is consequently not used for testing.
An additional gravitational disturbance can occur from uneven mass distribution of the cart.
Using glide test data, this disturbance force has been detected as great as 3 to 5 mN. The cart
mass is precisely distributed through measurements and verified with glide tests prior to Coulomb
testing. With the carts floating on a pocket of air they are inherently an unstable, top heavy
system. However with even air flow distribution, as described in the next section, the cart remains
flat relative to the track and glides smoothly.
5.5.1.2 Air flow disturbances
Uncharged glide data, such as that shown in Figure 5.11 is used to isolate local track dis-
crepancies. Uneven airflow between each row of air holes is one such perturbation that can lead
to undesired torques and forces on the cart. There is also a potential disturbance contribution
from inaccurate cart position sensing and the air valve switching on and off. These are difficult
disturbances to quantify, but they are identifiable and are reduced by accurately monitoring and
regulating the air supply at each row of holes and minimizing total air pressure. To study and
mitigate the effects of inaccurate cart positioning and the triggering of airflow, numerous glide
tests are conducted with the cart. It is also found that the autonomous air flow mode provides
low, average air flow disturbances, however the all-air-on mode is very consistent between testing
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segments that can span days and weeks. To enable repeatability of glide test air flow disturbances
the all-air-on mode is used for the remainder of all experiments used in this dissertation.
5.5.1.3 Charge carrying cable drag
The cart requires a permanent cable attached to drive the spheres potential level during
experiments. This cable is a source of disturbances that requires analysis during both uncharged
and charged glide tests. Firstly the cable needs to allow the cart to travel along the entire track
length uninhibited. This is achieved by suspending the cable from a fixed point above the track
center on the laboratory roof.
Another important consideration for the cable selection and implementation is its response
when charged. Under potentials as high as |30| kV the cables interact with the E-fields of themselves
and the spheres. The result is that the cables can experience stiffening and also undergo vibrations
and whipping oscillations that place undesired forces on the cart. It is also necessary to consider
the location of the cable attachment point to the sphere as this needs to allow for cart motion. One
method for reducing cable disturbances is by utilizing two cables from above so that they mutually
repel under charge with a net force perpendicular to the cart direction of travel. Overall, these
charge carrying cable disturbances are mitigated to below the 1 mN noise level by analyzing glide
tests with a single sphere both uncharged and charged.
After analyzing the disturbances from a number of cables of varying thickness and insulator
materials the one chosen with the lowest disturbance levels is a super fine, high-flex, stranded 36
American Wire Gauge (AWG) wire with a Fluorinated ethylene propylene (FEP) insulation layer.
This wire was also chosen with consideration for the atmospheric interactions that are investigated
in Section 5.5.2.3. The final charge carrying cable implementation that is used on the testbed for
all experiments shown in this dissertation is with two of these 36 AWG hi flex wires. Two wires
attached lateral to the track length repel from each other canceling any undesired disturbances
along the cart range of motion and reduce vibrations.
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5.5.1.4 Air drag on cart
Although the speeds on the track are relatively low, the required disturbance levels are very
stringent and the drag force from a sphere moving through air must be considered. The speed of the
cart on the track has a maximum speed of v = 0.1 ms−1 during electrostatic actuation. Although
applied to high Reynolds number applications, the drag equation is used here to calculate an
estimate of typical force levels experienced in air:
FDrag =
1
2
ρairv
2CdAs (5.2)
where ρair = 1.225 kgm
−3 is the density of air at standard temperature and pressure, Cd = 0.47 is
the coefficient of drag for a sphere and As is the cross-sectional area. At a maximum speed of 0.1
ms−1 the resulting drag force is approximately 0.138 mN, which is a contributing disturbance that
is not negligible. No significant changes can be made to the testbed to reduce this disturbance,
however, uncharged glide tests of over a vast range of initial speeds (some greater than 0.1 ms−1)
do not show any discernible speed dependence in the disturbance forces. Just for perspective, to
obtain a 1 mN Drag force a speed of 0.27 ms−1 is required.
5.5.2 Electrostatic disturbances
Prior to performing electrostatic measurements uncharged glide tests are conducted to mit-
igate mechanical disturbances. All disturbances that occur during Coulomb actuation are termed
“electrostatic” and are not measurable during these standard glide tests. In this section sources
of electrostatic disturbances are discussed. The testbed features apparatus and materials to min-
imize electrostatic interference and the effects of induced charge. Evaluating the extent of these
disturbances is not trivial. Experimental results demonstrate that controlling electrostatic forces
can overcome these perturbations; however a goal of the proposed research is to identify, quantify
and either mitigate or model these disturbances to better understand Coulomb actuation.
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5.5.2.1 Dielectric polarization and antistatic coatings
Dielectric materials such as the Delrin R© plastic track have no free electrons to conduct charge.
However, due to their molecular composition they can exhibit charged characteristics in the presence
of an external electric field. The result is that the molecules align and there is a slight shift in the
mean electron position so that the dielectric generates its own electric field [94]. This principle is
illustrated in Figure 5.12. Monkman demonstrates the use of polarizable plastics as electroadhesive
micro-grippers that can generate up to 200 Nm−2 of cohesive pressure with 3 kV potentials [92; 93].
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Figure 5.12: Graphical representation of dielectric polarization
This electric field or ’charge memory’ also remains after the external field is removed until the
dielectric has reached its relaxed, equilibrium state which can take seconds or minutes depending
on the electric susceptibility and applied E-field [92]. The electrical susceptibility is a measure of
the polarizability of a dielectric and is a function of the relative permittivity (dielectric constant at
zero frequency) of the material:
χe = εr − 1 (5.3)
These polarization potentials and electric fields can be a significant disturbance that the
effects are clearly observed on the testbed. In this experiment the cart is left charged at 30 kV at
a fixed location on the track (20 cm) for 15 seconds. The cart is then returned to 0 cm and with
the 30 kV remaining on is left to glide on its own till it comes to rest. The disturbance force that
is accelerating the cart is measured and shown in Figure 5.13 for a number of repeat tests.
At the end of each test the cart comes to rest at its originally fixed location and then with
no time for relaxation the test is repeated. This continues for a total of 9 identical tests. The
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Figure 5.13: Time history of track polarization disturbance force acting on the cart
force level acting on the cart increases after each successive test. This is a result of the dielectric
polarization being enhanced each time the cart remains held above the track. The max force
reached is approximately 13 mN, which is significantly larger than the desired max disturbance
level of 1 mN.
To quantify the extent of polarization and relaxation times, Figure 5.14 shows electrostatic
potential measurements made on the testbed track. In these tests a non-contact voltage meter is
used to measure the potential field from the track after an external electric field (using the sphere)
is held constant for a time of 30 or 60 seconds and then removed. The external E-field is applied
by charging the cart sphere to approximately 9 kV and 18 kV respectively, for both positive and
negative potentials on top of the track.
Figure 5.14 demonstrates two key parameters. Firstly, the extent of the potential magnitude
that is measured on the dielectric track after the charged sphere is removed and the relaxation
time of the Delrin R© track in this configuration. For initial charges of approximately |9| kV a track
potential of |1.5| to |2| kV is measured and for a sphere charged to approximately |18| kV a track
potential of |3.5| to |4| kV is measured. This is a significant potential on the track surface and
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Figure 5.14: Potential measured on the track with non-contact charge sensor after charged sphere
held at fixed potentials then removed; demonstrates track polarization relaxation times
explains the large disturbance forces measured. This test also indicates that it takes at least a
minute to reduce back to standard noise levels which is much longer than suitable for cart motions
that occur on similar time scales.
These polarization forces are extremely difficult to model. The crystal structures of dielectrics
are non-homogenous as too are the external E-fields when there are multiple spheres of varying
separation [92]. In addition, surface cleanliness is a fundamentally important aspect when using
dielectrics and ensuring their properties are upheld. Dirt or moisture on a dielectric surface can
cause current leakage under voltage applications [94]. The use of surface coatings however, does
provide a solution to polarization disturbances. A antistatic coating on the dielectric track is used
to attract moisture, even in low humidity environments to create a thin conductive layer, only a
few molecules thick [64]. This layer then essential creates a Faraday cage around the dielectric,
shielding it from the external field and preventing polarization or at least equalizing it with a layer
of charged particles.
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A antistatic coating on the testbed is a proven method to mitigate polarization disturbances.
After coating the track, repeats of the tests in Figure 5.13 resulted in no accelerations on the
cart. In addition, glide tests after the coating gave results similar to the baselines of Figure 5.11,
indicating disturbances are within the required 1 mN noise level. Similarly, the sensing tests of
Figure 5.14 show a measurement with antistatic coating. This measurement shows no discernible
change in the polarity on the track over time, as it remains at the noise level. One observation with
the antistatic coating is that it is necessary to reapply a coat to the testbed track approximately
every 2 weeks to mitigate this electrostatic disturbances.
5.5.2.2 Terrestrial atmosphere and humidity interactions
The Coulomb testbed operates in a standard laboratory atmospheric environment. Differ-
ences in the results of tests conducted at different times of the year are observed. The laboratory
humidity ranges from an average of 10% in winter up to 30% in the summer. The increased water
vapor and its susceptibility to holding charge may have a detrimental effect on Coulomb actuation.
The effects of humidity on charging is documented in the paper handling and textiles and fabrics
industries [92]. In addition, ionized dust particles or the atmospheric air could contribute to re-
duced effective charge levels. The partial charge shielding may be similar to the charge shielding a
spacecraft experiences from its local plasma environment.
In addition, measurements of the true potential fields around spherical charged objects in the
laboratory show discrepancies from predicted theory. Measured potentials are always lower than
theory, with positive potentials having a slightly larger discrepancy than negative. This may be
a result of partial charge shielding and interaction with charged particles in the atmosphere. To
further explain these atmospheric interactions a the fundamentals of atmospheric electrostatics is
highlighted in the next section.
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5.5.2.3 Ionization and corona discharge
A conductive sharp point or wire that is charged concentrates and enhances its electric field
strength. The potential and consequently E-field may be large enough at this point that breakdown
of the air (ionization) may occur within a few millimeters around the electrode [64]. The maximum
field strength in a vacuum for this field emission to occurs is approximately 109 Vm−1 [64]. In
air however, electrical breakdown of the gas occurs at a field strength of around 106 Vm−1. This
electrical breakdown will produce positive and negative ions and is commonly referred to as corona
discharge and can create clouds of charged particles and ion winds. A good indication of corona
discharge is the crackling sound of atmospherics [160].
The principle of this ionization in air is that electrons are removed from a oxygen or nitrogen
molecule. The remaining positive ion will attract polar molecules, such as water, to itself within a
matter of microseconds, creating a positive molecular cluster. The electron may generate further
ionization but ultimately attached to an oxygen molecule creating a negative ion and ultimately a
negative molecular cluster [64]. These effects may occur on the charged apparatus on the testbed
and alter the operating environment and consequently partial force shielding.
A flat plate charge analyzer is used to measure the presence, attraction or creation of ions
in the vicinity of the testbed during electrostatic tests. It is found that during tests with charged
spheres of a fixed polarity an abundance of oppositely charged particles are present, well beyond
steady state measurements in the laboratory. This also occurs when charging the spheres to both
polarities. This does not indicate the source of the charged particles but alludes to an explanation
of the partial shielding of the potential field measurements and reduced force productions.
To further explore this atmospheric interaction and ion measurements the current loads to
the spheres from the electrostatic power supplies is analyzed. This gives a measure of the amount
of charge required to obtain and maintain a fixed potential on the spheres during these interactions.
The supply current results for a range of potentials from |0 − 30 − 0| kV is shown in Figure 5.15.
This figure shows 4 data sets; positive and negative charging of the spheres using 24 AWG cables
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with PolyVinyl Chloride (PVC) compared to positive and negative charging using the equivalent
polyvinyl 24 American Wire Gauge (AWG) cables that are bare.
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Figure 5.15: Output current supplied to sphere as a function of potential; comparing bare and
insulated charge-carrying cable
The results of Figure 5.15 demonstrate a clear discrepancy in the bare and insulated cables.
The insulated cable maintains a linear increase in supply current to a maximum of ≈ 3 µA. This
is essentially the baseline current that is measured from the electrostatic supplies with no load
attached. Indicating that there is minimal loss of charge with this setup. Alternatively, the bare
wire current supply shows a similar trend to approximately 15 kV when the current requirements
increase to a peak of ≈ 7 µA at 30 kV.
Another observation to make in this data set and similar tests performed is that the negative
charging requires slightly more current, which correlates to earlier measurements of the E-fields and
cart motions under fixed charged repulsion tests. Additionally, audible crackling is more evident
and constant during the bare wire tests and correlates to these higher currents and potentials.
These observations and measurements point to the conclusion that there is interaction be-
tween the charged spheres and wires and the atmospheric atmosphere. A fine uninsulated wire
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charged to kilovolt potentials will induce air breakdown and generate an ion cloud. This corona
discharge is the principal of the electrostatic precipitator that is used in particulate removal and air
cleaning, as well as the infamous “ion lifter.” Electrostatic precipitators operate at kilovolt-level
potentials, equivalent to that on the testbed. It is believed that at high potentials the bare wire
generates an ion cloud that envelopes the spheres and increases the partial shielding similar to a
space plasma. This is an interesting finding as it could lead to a simple and effective method of
mimicking dynamically motions in a space plasma. To mitigate these wire ionization effects the
high-flex, stranded 36 AWG wire with FEP insulation is used.
5.6 Summary
This chapter provides details on the design, development and operation of the dedicated
Coulomb testbed. Firstly, laser inaccuracies and mechanical disturbances are identified and miti-
gated below the ± mN level. This ensure a actuation signal to noise ratio of at least 1. Uncharged
and charged glide tests are performed to ensure disturbances below this level are confirmed prior
to all Coulomb relative motion tests. As demonstrated through these experimental results and
sensing apparatus the testbed is being utilized as a platform to understand the complexities of
electrostatic actuation. This includes electrostatic influences of polarization and wire ionization
that are successfully mitigated.
However, isolating and mitigating all atmospheric interactions is an extremely difficult task
that requires operation in a vacuum, which is beyond the scope of this dissertation. As an alternative
approach, analysis of these remaining terrestrial interactions using relative motion experiments is
necessary. This can only be achieved with mechanical and electrostatic disturbances significantly
reduced to give a baseline disturbance noise level of ±1 mN, which is demonstrated in this chapter.
The next chapter uses this low disturbance test environment to estimate terrestrial partial shielding
parameters similar to the space-based plasma modeling.
Chapter 6
Terrestrial Coulomb relative motion experimental results
With the primary testbed disturbances identified and reduced to a baseline noise level below
1 mN it is possible to perform electrostatic actuation. Simple tests using a single cart demonstrate
repulsive and attractive relative motion with Coulomb forces. This is a step forward in the progress
of CFF implementation as it shows that Coulomb forces can be safely and successfully applied in
a laboratory atmospheric environment. This chapter documents the experimental progress of per-
forming repulsion and attraction tests to estimate the atmospheric interactions and force shielding.
These parameters are used to propose a terrestrial Coulomb force model for use on the testbed.
This is used as a representative model of the terrestrial forces and ultimately allows control al-
gorithm performance verification and expands the future use of the testbed if the produceable
forces are accurately known. Comparisons are made between these atmospheric interactions and
the space plasma shielding a Coulomb formation would experience. Finally, autonomous position
feedback control is implemented and the experimental results are compared to simulations using
the developed terrestrial force model.
6.1 Candidate terrestrial force model
The first is a series of simple one-way tests that use a constant sphere potential. Not only
does this research document the design and development of the apparatus, it utilizes the resulting
testbed to expand the knowledge of atmospheric charge actuation. The objective is to produce
electrostatic forces and understand interactions with the apparatus and environment to develop a
112
model of this terrestrial Coulomb force.
To meet this goal, successful Coulomb actuated relative motion experiments are used to detect
and quantify electrostatic interferences. Results of fixed charged, one-way tests where the cart is
either repelled or attracted, relative to the stationary sphere, are used. A graphical representation
of the testbed setup for Coulomb motion tests is shown in Figure 6.1. The cart’s position L is
measured with the laser. With the cart initially at rest with a separation distance x = 30 cm
between sphere centers it is driven under Coulomb repulsion along the track length. Alternatively
it is driven with an initial separation of 80 cm toward the stationary sphere under attractive forces.
Glide tests prior to actuation tests confirm disturbance forces down to the baseline noise levels.
stationary
cart
laser L
track
Fc
Fc
d
Figure 6.1: Illustration of testbed setup for fixed-potential, Coulomb repulsion tests
Two separate force models for attractive and repulsive forces are developed and applied in-
dependently. This is due to different characteristics and force production, as shown in earlier
chapters, and allows for more accurate fits to the terrestrial environment forces. Candidate terres-
trial Coulomb force models are based on the plasma partial shielded space forces. These plasma
nonlinear models are fitted to experimental data by computing an estimate of the plasma-like
parameters.
While not a direct comparison between the terrestrial atmosphere and space plasma can be
made there are similarities in the force production. The results, presented here highlight correlations
between the partial charge shielding experienced in the laboratory atmosphere to the Debye length
shielding from a space plasma.
The estimation of the partial shielding model is performed using Coulomb repulsive and
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attractive tests and position measurements made with the laser. A nonlinear least-squares batch
estimator is used for this study as all data is post-processed. This processor can adopt a variety
of proposed shielding models and provide a solution with imperfect initial conditions and noisy
data that in this application is generally more accurate than a sequential estimator. Also a batch
estimator better utilizes all data measurements in the solution without concern for covariance
saturation. In this section the attractive and repulsive force models are presented.
6.1.1 Attractive force model parameters
The proposed plasma partial force shielding model that includes capacitance and induced
effects of Equation 3.39 is used as a baseline for the terrestrial attractive force model. The two
parameters that are estimated are the shield length, λ¯D, and shield radius, R¯. The modified space
plasma force model used in this estimation analysis is:
Flab = kc
q¯Aq¯B
d¯2
Exp
[
−(d¯− R¯)
λ¯D
](
1 +
(d¯− R¯)
λ¯D
)
(6.1)
where the effective sphere separation, d¯, accounts for uneven charge distribution using Equa-
tion 3.24, which is computed using the testbed sphere radius R, not the estimated shield radius
R¯. To compute the effective charge, q¯, including the combined capacitance of each charge and the
plasma, the following is inverted:VA
VB
 = kc

1
R¯
(
λ¯D
R¯+ λ¯D
)
1
d
(
λ¯D
R¯+ λ¯D
)
Exp
[−(d− R¯)
λ¯D
]
1
d
(
λ¯D
R¯+ λ¯D
)
Exp
[−(d− R¯)
λ¯D
]
1
R¯
(
λ¯D
R¯+ λ¯D
)

q¯A
q¯B
 (6.2)
Based on nonlinear fit results and residual analysis the force model of Equation 6.1 differs
slightly from the original space plasma form with an additional -R¯ term. This more accurately
captures the force over the entire track testing range, while not significantly changing the force
model from the base plasma one.
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6.1.2 Repulsive force model parameters
For the repulsive force model, Equation 6.1 that is based on the proposed plasma partial
force shielding model of Equation 3.39 is also used. The same two parameters (λ¯D and R¯) are
estimated. The repulsive force parameters are estimated separately as the force magnitudes on
the testbed are substantially different than the attractive case. The sphere separation, d¯, accounts
for uneven charge distribution during repulsive forces using Equation 3.22. A modification here
from the attractive force is that the vacuum position dependent capacitance is used to compute
the sphere charges (qˆ) by inverting: VA
VB
 = kc
 1/R¯ 1/d
1/d 1/R¯

 qˆ1
qˆ2
 (6.3)
This use of the vacuum capacitance model is based on nonlinear fit results and residual analysis to
more accurately fit the experimental data.
6.2 Parameter fitting using actuation experiments
The force model is fitted to fixed-potential, one-way repulsion and attraction motion exper-
iments. Numerous tests are conducted over a range of potentials from 10 kV to 30 kV, of both
positive and negative polarities. One set of these tests for both attraction and repulsion cases is
shown in Figures 6.2(a) and 6.2(b) respectively.
Shown in these figures is the calculated force acting on the cart that is differentiated from the
raw position data measured from the laser. This force data is plotted as a function of track location,
where 35 cm corresponds to the closest sphere approach. A cart at this location is separated by 30
cm center to center from the stationary sphere. Also shown in each figure is a polynomial fit to the
force data in green. This data fit also has any track uncharged glide test biases removed. These
track biases are uniquely measured for each day of the test being conducted and are only accepted
if below the 1 mN requirement. This is necessary, particularly for the low potential tests and the
repulsion tests where the Coulomb actuation signal to noise is very low.
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Figure 6.2: Fixed-potential, one-way test data and estimated terrestrial model for each potential
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Also shown in Figures 6.2(a) and 6.2(b) is the fit of the proposed plasma-derived force models
of Section 6.1. This fitted terrestrial model is shown in each of the figures. Visually, the model fits
the data with biases removed well. The solutions of these plasma-like parameters for these fits are
shown in Table 6.1. Also shown in this table is the coefficient of determination, R2, which gives a
statistical measure of fit along with the standard deviation.
Table 6.1: Estimated Coulomb force model parameters and statistical fits for the data shown in
Figure 6.2
Tests Shield length Shield radius R2 Standard deviation
λ¯ (m) R¯ (m) (mN)
Attraction
10 kV 0.482 0.158 0.994 0.161
15 kV 0.195 0.146 0.996 0.288
20 kV 0.168 0.151 0.997 0.469
25 kV 0.171 0.144 0.998 0.624
30 kV 0.172 0.135 0.997 0.876
Repulsion
10 kV 1.291 0.462 0.806 0.123
15 kV 1.344 0.452 0.976 0.112
20 kV 0.491 0.277 0.995 0.115
25 kV 0.432 0.137 0.995 0.162
30 kV 0.458 0.054 0.996 0.200
The shield length λ¯ and shield radius R¯ results are also plotted in Figures 6.3 and 6.4 for
attraction and repulsion fitting respectively. The results are shown as a function of sphere potential.
In addition to the results of the experimental data shown in Figure 6.2 and given in Table 6.1,
two repeat sets of data from different days are also provided. While the results are similar, the
discrepancies indicate the sensitivity of estimating the parameters with experimental data and the
variations that can arise between different testing conditions.
6.2.1 Terrestrial and plasma force shielding parameters
Parameters of space based Coulomb force models are fitted to terrestrial experimental data.
This analysis gives a measure of accuracy of these fits and quantifies the effectiveness of the testbed
117
10 15 20 25 300.1
0.2
0.3
0.4
0.5
Potential HkVL
Ps
eu
do
De
by
el
HmL
0.0 0.2 0.4 0.6 0.8 1.0
0
2
4
6
8
10
Data set 2
Data set 1
Data set 3
(a) Debye length λ¯ solutions
10 15 20 25 300.00
0.05
0.10
0.15
0.20
Potential HkVL
Sh
iel
dr
ad
ius
r
HmL
R¯
(b) Shielding radius R¯ solutions
Figure 6.3: Parameter estimation solutions for attraction data sets 1 through 3
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Figure 6.4: Parameter estimation solutions for repulsion data sets sets 1 through 3
apparatus to be used for force estimation. These results indicate that the space-based plasma force
models offer a good fit to the terrestrial actuation forces and capture partial shielding characteristics.
For the remainder of this dissertation the force model of Equation 6.1 with both repulsive and
attractive parameters fitted to experimental data is referred to the “Terrestrial model”.
A summary of the solution of each of these parameter values (λ¯ and R¯), averaged using all
three data sets is shown in Table 6.2. For this terrestrial model the shield length λ¯ solutions (at
higher potentials) are in the vicinity of 15-25 cm for the attraction cases and in the range of 10 cm
to 50 cm for the repulsion tests. The average value for the shield length is approximately 20 cm and
25 cm for the attractive and repulsive cases respectively. While this has no direct correlation to a
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plasma Debye length, it quantifies the level of shielding experienced on the testbed, when using the
space-based model. This is a distance of approximately 1 sphere diameter, which helps quantify
the limits and capabilities of the Coulomb actuation force. This is used solely to give a measure
of the partial-shielding-like effects that are observed on the testbed in the terrestrial environment.
Regardless, Coulomb actuation is demonstrated along the whole length of the track that is longer
than this shield length.
Table 6.2: Average of estimated shielding length and radius
Force model shield length shield radius
λ¯D [cm] R¯ [cm]
Attractive force 20 12
Repulsive force 25 20
The shield radius R¯ solutions have a range of values of 5 cm to 15 cm for the attraction tests
and 10 cm to 45 cm for the repulsion cases. The average value is approximately 12 cm and 20
cm for the attractive and repulsive cases respectively. Again, this is only an estimated parameter
of a model that resembles a space-based Coulomb force model. Interestingly though, the values
resemble the true radius of the sphere which is 12.5 cm. This is an important result that gives
merit to modeling the terrestrial actuation forces with space-based plasma models and using the
partial shielding to account for electrostatic interactions that are being investigated.
6.2.2 Actuation force signal to noise ratios
In analyzing these parameter solutions it is important to consider the actuation force signal
to noise ratio during each of these tests. The signal to noise ratio for the testbed spheres charge over
the same 10 kV to 30 kV potential range is shown in Figure 6.5 for attraction and repulsion tests.
Given that the force is a function of sphere separation, which varies during the course of a test,
the figures show contour lines over a range of testbed separation distances. The vacuum model is
used to compute this actuation force and includes combined system capacitance and uneven charge
distribution effects from Equation 3.25. Although the fitted results predict shielded forces on the
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testbed, this vacuum model is used here to give a conservative estimate.
Also highlighted in each figure is the region where the SNR is less than unity. This is a region
where we do not expect to obtain satisfactory results from the estimation process as the Coulomb
forces do not dominate cart motion. This gives us a measure of the estimation limitations on the
testbed with the current apparatus. For the attraction forces, separations larger than 50 cm, center
to center separation, and potentials less than 15 kV have an SNR close to unity. For the repulsion
case this unity range extends to cover a wider variety of separations and potentials. Potentials less
than 20 kV and large separations require caution due to very low SNR. For potentials below 15 kV
at any separations on the track the Coulomb actuation forces are down in the noise levels and the
estimation results will suffer.
These SNR results of assist in identifying variations in the parameter results identified in
Figures 6.3 and 6.4. Two key findings come from analyzing the SNR results of Figure 6.5. Firstly,
the large variation in solutions at low potentials (10 and 15 kV) for both repulsion and attraction
is contributed to these low SNR values. Similarly, due to repulsive forces being lower magnitude
and SNR there is a greater variance in the parameter solutions, across all potentials, compared to
the attraction tests.
The results of this section give confidence in accurately modeling the terrestrial Coulomb
forces on the testbed. A terrestrial force model that captures partial-shielding characteristics is
developed with parameters fitted to fixed-potential, one-direction motion tests. With this terrestrial
force model it is possible to look at more advanced applications such as autonomous position control
and compare simulations with this model. This is achieved in the following sections.
6.3 Autonomous feedback position control experiments
The next progression of the testbed is enabling autonomous position feedback control with
Coulomb forces. This enables testing of control algorithms and mimicking 1-D constrained orbital
motions when aligned along the principal orbit frame axes. This dynamical system is replicated
by either leveling the test track or adding a small tilt to bias the relative motion in one direction.
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Figure 6.5: Force to noise, signal to noise ratio for testbed potentials and sphere separations
The developments of a robust, real-time charge feedback control algorithm is presented and im-
plementations results are presented and compared to simulations using the fitted terrestrial force
parameters and system characteristics models.
The terminology used in the testbed control algorithm is defined in Figure 6.6. The desired
position of the cart xr defines the tracking error δx = x − xr. The separation variable, x, is used
here in instead of d, to signify these are position control developments and experiment results using
varying potential levels.
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Figure 6.6: Illustration of testbed setup for position control and variable definitions
The generic equation of motion (EOM) for the cart on the track is defined by:
x¨ = f(x, u, t) =
1
m
[Fc + fsystem + funknown] (6.4)
where m is the cart mass, fsystem represents known forces acting on the system (such as intentional
gravity biases), funknown are unmodeled disturbance forces and Fc is the Coulomb actuation force.
This could be any force model presented earlier, including the partially shielded model based on
experimental data. For the interest of simple control development the fundamental vacuum point
charge model Fc =
kcQ
x2
is used, where the control parameter is the combined charge product
Q = q1q2. Although this model does not fit the true dynamics of the cart, the controller is
designed in a robust way to allow for generic force models. This is suitable for purposes such as
this dissertation research, where models, such as the terrestrial model, are under investigation and
performance is being evaluated.
6.3.1 Constrained 1-D charged relative orbit dynamics
The testbed autonomous position control is implemented to mimic restricted 1-D orbital
motion. The intent of the testbed and associated control methodology is not to simulate actual
relative orbit dynamics. Rather, restricted 1-D relative motions are feasible. In this section the
constrained 1-D Coulomb relative orbit equations of motion are generated. These equations are
compared to what can be achieved on an inclined track and the resulting Coulomb charge products
required for control.
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To develop the orbit relative equations of motion the rotating Hill frame {oˆr, oˆθ, oˆh} is used.
This frame is fixed at the formation center of mass and has its axes aligned with the orbit radial,
along-track and out-of-plane directions. The spacecraft position ri is expressed in this Hill frame
with Cartesian {x, y, z} coordinates. Figure 6.7 illustrates the rotating Hill frame, as well as the
three possible 2-craft charged relative equilibria configurations aligned with the orbit radial, along-
track and out-of-plane axes.
oˆh
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oˆr
oˆh
oˆθ
oˆr
oˆh
oˆθ
oˆr
Figure 6.7: Charged, two craft equilibria alignment along the Hill frame principal axes
Equations (6.5) show the linearized Clohessy-Wiltshire-Hill (CWH) equations subject to elec-
trostatic actuation in a plasma environment [100]. The CWH equations define the motion of a
satellite relative to the circularly orbiting Hill frame. With a formation of N Coulomb controlled
spacecraft the CWH equations of the ith spacecraft relative to the orbit reference is defined by:
[100]
x¨i − 2Ωy˙i − 3Ω2xi = kc
mi
N∑
j=1,j 6=i
(xi − xj)
|ri − rj |3 qiqje
−r12/λd
(
1 +
r12
λd
)
(6.5a)
y¨i + 2Ωx˙i =
kc
mi
N∑
j=1,j 6=i
(yi − yj)
|ri − rj |3 qiqje
−r12/λd
(
1 +
r12
λd
)
(6.5b)
z¨i + Ω
2zi =
kc
mi
N∑
j=1,j 6=i
(zi − zj)
|ri − rj |3 qiqje
−r12/λd
(
1 +
r12
λd
)
(6.5c)
where mi is each spacecraft’s mass and the system’s center of mass has an orbital rate Ω =
√
µ/R3c
with Rc being the orbit radius and µ the gravitational constant. These equations are constrained to
1-D motion along the orbit radial, along-track and out-of-plane directions and compared to possible
testbed 1-D motions. Given a two craft formation and ignoring any plasma Debye shielding, the
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1-D relative equations of motion become:
x¨i − 3Ω2xi = kc
mi
Q
(xi − xj)2 (6.6a)
y¨i =
kc
mi
Q
(yi − yj)2 (6.6b)
z¨i + Ω
2zi =
kc
mi
Q
(zi − zj)2 (6.6c)
where Q = qiqj is the combined charge product. Equation (6.6a) represents the restricted 1-D orbit
radial relative motion. This equation is the form of an unstable oscillator. The result being that
the spacecraft will naturally drift apart due to the gravity gradient, expressed by the (−3Ω2xi)
term. However an equilibrium condition is reached (xi held constant) if an attractive Coulomb
force is applied. This is achieved with a heterogeneous charge product solution [7]:
Q = −3Ω2xi(xi − xj)2mi
kc
< 0 (6.7)
This requires each vehicle to have an opposing charge polarity. To mimic this operating scenario
on the testbed, the track is intentionally tilted so a gravity bias force naturally repulses the cart
from the stationary sphere. Attractive Coulomb control (Q) is used to drive and hold the cart at
a desired separation distance.
Similarly, Equation (6.6c) represents the restricted 1-D out-of-plane relative motion, assuming
no perturbations. The spacecraft will naturally drift together due to the gravity gradient, expressed
by the (+Ω2zi) term. However an equilibrium condition is reached (zi held constant) if a repulsive
Coulomb force is applied. This is achieved with a homogeneous charge product solution [7];
Q = Ω2zi(zi − zj)2mi
kc
> 0 (6.8)
This requires each vehicle to have an equivalent charge polarity. This configuration is comparable
to experiments on the testbed with an intentionally inclined track providing a constant gravity bias
force naturally attracting the cart to the stationary sphere. Repulsive Coulomb control (Q) is used
to drive and hold the cart at a desired separation distance.
Note that these two inclined track setups do not match the constrained relative orbit motion
precisely. The test track has a constant acceleration bias, while the orbit motion is a position
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dependent bias. However, both setups result in the nominal charge product Q being nonzero once
the craft reaches the desired equilibria state.
Equation (6.6b) represents the restricted 1-D along-track relative motion that is inherently
stable without perturbations. To maintain equilibrium (yi constant) requires no charge, Q = 0.
This condition is simulated on the testbed with a level track and no bias accelerations. Of these
three simulations, the along-track direction is the most challenging to implement because of the need
to have a flat and level track. Even small residual disturbances can move the cart once it reaches
its desired location. The orbit radial and normal direction simulations are easier to implement
since any track un-level biases can be exploited to provide slight gravitational pull or repulsion to
simulate this charged axial orbital motion. Here the small disturbances are over-shadowed by the
larger intentional gravity bias of the track tilt.
To put these 1-D dynamic analyses into perspective, consider an example two-craft system
operating in a radial configuration in GEO. The radial differential gravity force magnitude linearizes
to [137]:
δFx ≈ m 3µ
R3c
x (6.9)
where m is the spacecraft mass and x is the spacecraft separation distance. Consider two craft
of 50 kg mass each, aligned in the radial direction with a separation of 20 m. At GEO the craft
experience a repulsive gravity gradient force of approximately 16 µN. To overcome this force with
Coulomb thrust requires a heterogenous charge of Q ≈ −0.71 pC calculated using the basic plasma
point charge model in Equation (3.36) with a plasma Debye length of 200 m. This corresponds
to a required voltage magnitude of approximately 15.2 kV, calculated using the isolated charge
relationship of Laplace in Equation (3.5) with a spherical craft of 0.5 m radius. Although only,
approximate, it gives an indication of the magnitudes required for this idealized case.
Similarly, consider the same two spacecraft operating in an out-of-plane configuration at
GEO. The differential out-of-plane gravitational force magnitude linearizes to [137]:
δFz ≈ m µ
R3c
z (6.10)
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For this idealized case of point charges in a plasma and a out-of-plane separation of z = 20 m the
attractive force is approximately 5.3 µN. To overcome this force with Coulomb control requires a
charge of Q ≈ 0.24 pC, corresponding to a spacecraft voltage magnitude of 8.8 kV.
6.3.2 Testbed charge feedback control law
A goal of this research is to demonstrate stable position feedback control actuated with
Coulomb forces. A PID controller is implemented to stabilize the cart motion about a desired
fixed track location. This robust control law is justified given the complexities of terrestrial close
proximity electrostatic interactions and force modeling that is under investigation. This controller
accounts for any force model and unknown disturbances as well as introducing system damping
which is not inherent to the testbed. A feedback linearizing control solution is chosen of the form:
Q =
x2
kc
(
− kDδx˙− kP δx− kI
∫ t
0
δxdt− fsystem
)
(6.11)
where kP , kD, and kI are positive constant controller gains, and δx = x − xr is the tracking error
with respect to constant reference position xr. This non-linear charge feedback control law Q
features feed-forward compensation when known biases fsystem are acting on the hovering cart.
The integral feedback component adds robustness to the steady state system response accounting
for discrepancies in the modeling of fsystem and the electrostatic disturbances. As this research
progresses and models of the electrostatic interactions are generated they can be added to this
control law. Substituting the control law Q into the equation of motion in Equation (6.4) results
in the following closed-loop dynamics:
δx¨+ kDδx˙+ kP δx+ kI
∫ t
0
δxdt = funknown (6.12)
With positive control gain values the feedback linearized system response is stable assuming the
unmodeled disturbance funknown is bounded. Note that to implement the charge feedback control
Q in Equation (6.11), it is still required to map Q into individual charges qi and ultimately voltages
Vi for the testbed. In the following numerical and experimental simulations the simple solution
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of q1 = −
√|Q| and q2 = Q/q1 is used. This solution is chosen as it is easily implemented on
the testbed. For spacecraft the value of qi can be selected based on a weighting of quantitative
parameters such as charge control power usage, charge saturation or equilibrium charge which are
functions of the local space plasma and operating conditions.
6.3.3 Sloped-track position control experimental results
The Coulomb control algorithm is implemented on an intentionally inclined track that slopes
upward away from the stationary sphere. The testbed dynamics are similar to a 1-D constrained
out-of-plane orbit configuration. The experimental results here are directly compared to simulation
results that are computed using the vacuum point charge force model of Equation 3.4. This model
is chosen solely as a baseline to demonstrate the discrepancies.
System performance and gain selection of the controller is simulated using Equation (6.11)
prior to implementation on the testbed. Table 6.3 shows the desired performance parameters for
the simulation and experimental results. It also lists the controller gains for the simulation which
are selected to give an underdamped response without saturation, an overshoot < 20% and a 5%
settling time of 25 seconds. The simulation has a 2.0 mN bias force added and the track is tilted to
give a known mechanical gravity bias of approximately 2 mN. These simulated performances are
characteristic only have the vacuum point charge model, and do not give the same response as the
testbed cart, but give a target to design within.
Table 6.3: Desired performance and control gains used
Overshoot: < 15 %
5% Settling time: ≈ 25 s
Control gain: kD kP kI
Value: 1800 300 100
The cart is initially at rest at a separation of 30 cm (center-to-center) from the stationary
sphere and ascends the track under a repulsive Coulomb force. Figure 6.8 displays both the simu-
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lation and experimental results of driving the cart a total of 12 cm up slope to a final separation
of 42 cm.
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Figure 6.8: Results of experimental cart control on a sloped track that mimics two craft, 1-D
restricted, out-of-plane orbital motion
The cart tracking error δx is shown in Figure 6.8(a) for two identical experimental results and
the simulated response. A magnification showing the settlement of the cart at the desired location
is also shown for each test. Figure 6.8(b) shows the voltage levels that are used to control the cart
during test 1 for both the cart sphere (A) and the stationary sphere (B). By design, the spheres are
driven to negative potentials when repulsive forces are required. Figure 6.8(c) shows the analytic
Coulomb force acting on the cart in test 1 using the basic vacuum point charge relationship defined
in Equation 3.4.
The experimental and simulation results share similar characteristics. The system controlled
experimental response adequately meets the nominal performance parameters outlined in Table 6.3
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and the cart settles to ± 1 mm of the desired location. The charge required to drive the cart
this distance and hold the position on the inclined track remains a constant homogeneous charge
(repulsive force).
The resulting voltage to maintain the cart at this location is measured to be ≈ −12 kV which
equates to a force of ≈ 1.4 mN, calculated using Equation 3.4, whereas the simulation force is 2.0
mN. Using glide test data collected after these out-of-plane experiments (with no electrostatics) it
is found that the acceleration acting on the cart at this location equates to ≈ 2 mN. Taking into
account the combined system capacitance and induced charge effects, modeled with Equation 3.25
the expected force computed is only 0.76 mN. However, care must be taken in comparing these
force values as this is in the separation distances and potential levels where the SNR is close to
unity.
Successful experiments demonstrating control on flat and inclined tracks resembling the 1-D
constrained motion of orbit-normal and orbit-radial configurations have also been performed. The
results of these tests were presented by Seubert and Schaub at the AAS/AIAA Astrodynamics
Specialist Conference in August 2009 [138].
An observation made with this feedback experimental results and others is that heterogenous
charge solutions (repulsion forces), require reduced sphere separations to allow steady state control-
lability within desirable timing and consistency. On the contrary, steady state heterogenous charge
solutions (attractive forces) are capable of settling smoother and faster as the force production has
a much larger SNR.
Also, at steady state there are small amplitude oscillations in both the distance measurement
and the voltage settings. These oscillations at ≈2 Hz are a direct result of the errors in the laser
positioning highlighted in Section 5.2.
While the overall simulation and experimental cart motions are similar there are discrepan-
cies. To really improve the simulated system response it is beneficial to simulate the cart motion
using the fitted partial shielded model of the previous section and compare to testbed experimental
results as achieved in the next section.
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6.4 Comparing experimental results to simulations with terrestrial model
With mechanical disturbances significantly reduced a number of autonomous feedback posi-
tion control tests are performed to allow comparison to the candidate terrestrial force model fitted
to one-way data. For these experiments the track is flat and level with all prior disturbances below
the 1 mN noise level. Due to these low baseline disturbances the full range of track motion is used
for these experiments. It also allows both initial repulsion (cart starts close) and initial attraction
(cart starts far away) tests.
In these series of tests the cart is driven from an initial position far from the stationary
sphere (initially attraction forces) to a desired location that is 22 cm away. The position error of
10 identical tests is shown in Figure 6.9. The results demonstrate a smooth over shooting response
that settles as desired within approximately 30 seconds. There is good repeatability between each
of these tests.
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Figure 6.9: Case 1: Comparison of simulated cart position error to measured experimental results
Also shown in this figure is the simulated response using the vacuum force model that does
include combined system capacitance and induced effects. As expected, this does not accurately
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capture the true motion of the cart as it has no partial shielding. Also shown in this figure is
the simulated response using the proposed terrestrial force model with estimated partial shield-
ing parameters. This simulated response matches the experimental data significantly better and
appropriately captures the intricate dynamics of the charged cart motion in the atmospheric envi-
ronment.
A comparison of the experimental voltage supplied during one of the tests is compared to
the simulated voltages in Figure 6.10. Again, this indicates the severe discrepancies of the vacuum
charge model in capturing the testbed response compared to the terrestrial model that fits the data
quite well.
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Figure 6.10: Case 1: Comparison of simulated sphere potentials to measured experimental results
In this dissertation, all the developments on disturbance mitigation and modeling are focused
on the forces of the testbed. In that regard, it is advantageous to analyze the resulting forces
measured on the testbed for comparison. Figure 6.11 shows the computed force from two test
results, the vacuum force model as well as the terrestrial model.
Lastly, the residuals between the terrestrial force model and the experimentally determined
force response are computed. The residuals are shown in Figure 6.12 for each of the two tests
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Figure 6.11: Case 1: Comparison of simulated forces and experimental results, obtained by differ-
entiating cart position
analyzed and plotted as a function of time. The mean value of these residuals are 0.1122, 0.0698
mN and have a standard deviations of 1.0289, 1.0429 mN. Looking at these numbers alone, these
are good results that indicate that the terrestrial model is fitting the experimental response down
to the baseline noise level of 1 mN. However, looking at the figure, it is evident that these residuals
are not normally distributed about zero and feature distinct spikes with magnitudes as great as 5
mN. These miscorrelations occur at the voltage zero crossings, (polarity switch).
There are a number of candidate causes for these residual spikes that are proposed. Firstly, in
order to compute the force from experimental position data, it undergoes double differentiation and
numerical filtering. During this process, smoothing of the true force response occurs. Comparing
the force levels in Figure 6.11 it is evident that the simulated response is discontinuous to capture the
power supply characteristic response. In contrast, the experimental force data features a continuous
response which may be exaggerated or purely a product of the filtering. This is a difficult effect
to isolate and determine. Secondly, the modeling of the power supply output response is only an
average and may be limited in capturing all response characteristics.
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Figure 6.12: Case 1: Force residuals between terrestrial force model and testbed results, obtained
by differentiating cart position
Thirdly, the terrestrial model is only a candidate that attempts to capture the partial force
shielding in atmosphere. This terrestrial model was developed using fixed potential tests, unlike
the dynamic voltage control that is being utilized in these feedback tests. During these potential
switches there may be significant changes in the atmospheric interaction that occurs between the
spheres and near-instantaneous ion interactions and force discrepancies. Regardless of the cause of
this response the terrestrial model fits very well for this series of feedback control tests. These test
results may lead to interesting follow-on-work findings at these potential polarity switches.
In these next series of tests the cart is driven from an initial position close to the stationary
sphere (initially repulsion forces) to a desired location that is 23 cm away. The position errors of 10
identical tests is shown in Figure 6.13. The results demonstrate a smooth underdamped response
that settles as desired within approximately 30 seconds. There is good repeatability between each
of these tests.
Also shown in this figure is the simulated response using the vacuum force model. In this
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Figure 6.13: Case 2: Comparison of simulated cart position error to measured experimental result
case the original vacuum point charge model that does not include combined system capacitance or
induced effects is shown. This provides the greatest contrast between the force models and resulting
simulated cart motion that does not capture the true motion of the cart well. Also shown in this
figure is the simulated response using the proposed terrestrial force model with estimated partial
shielding parameters. This simulated response matches the experimental data significantly better
and appropriately captures the intricate dynamics of the charged cart motion in the atmospheric
environment.
In the next and final series of tests the cart is again driven from an initial position far from
the stationary sphere (initially attraction forces) to a desired location that is 28 cm away. The
position errors of 10 identical tests is shown in Figure 6.14. The results demonstrate a smooth
underdamped response that settles as desired within approximately 30 seconds. There is good
repeatability between each of these tests.
This third test case of Figure 6.14 is important as it demonstrates actuation and controlled
motion over the entire length of track. Also shown in this figure is the simulated response using the
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Figure 6.14: Case 3: Comparison of simulated cart position error to measured experimental result
vacuum force model that does include combined system capacitance and induced effects as shown.
As expected, this does not capture the true motion of the cart well. Also shown in this figure is
the simulated response using the proposed terrestrial force model with estimated partial shielding
parameters. This simulated response underestimates the initial attraction forces, however matches
the experimental data significantly better and appropriately captures the intricate dynamics of the
charged cart motion in the atmospheric environment.
6.5 Summary
Using the knowledge of Coulomb force modeling, this chapter proposes a candidate terres-
trial force model with plasma-like parameters to capture shielding from atmospheric electrostatic
interactions. This is only achievable because of the low disturbance environment of the testbed
and known characteristics of the hardware apparatus. Using experimental one-way data estimates
of the model parameters are made and are shown to offer similarities to the plasma properties.
Implementing autonomous feedback position control allows the terrestrial force model simulation
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to be verified with true data. It is shown that the terrestrial model, that is based on a space
plasma model, matches the response of the cart on the track well. However, there are interesting
effects that are not captured during polarity switching events that may be a result of instantaneous
electrostatic interactions. The terrestrial model that is created based on fixed polarity, one way
experiments would not capture this. Developing this terrestrial force model provides understand-
ing of charged body atmospheric interactions and also aids future developments on the testbed by
providing a suitable Coulomb force model. As shown in the next chapter, these findings and mod-
eling are also applicable to continuing and expanding theoretical applications that utilize Coulomb
formation flight.
Chapter 7
Application: tethered Coulomb structures
To bring the hardware and theoretical developments of this dissertation into context, a final
chapter detailing a realistic space-based Coulomb application is presented. The tethered Coulomb
structure is a spin-off of the CFF concept. A TCS combines the features of free-flying formations
and large space structures. Using Coulomb forces to repel a formation of spacecraft nodes that are
connected with fine, low mass tethers can create large quasi-rigid and lightweight space structures.
There are numerous uses for a TCS ranging from interferometry and remote sensing to component
deployment, local situational awarenes and inflatable structures.
A number of theoretical and analytic studies have been performed by this author. This
chapter gives an overview of these studies. Preliminary studies on the TCS concept analyze only
relative motions without nodal attitudes and apply a an adjustable tether length control tech-
nique to dampen orbital attitude motions [140]. This work was expanded to focus on simplified
two-dimensional motions of a two-node TCS system [141]. Linearized analysis in that paper demon-
strates the fundamentals of translational and rotational nodal motions and their primary frequen-
cies. A conclusion drawn here is that rotational motions are more challenging to overcome than
translational motions. Quantification of the two-dimensional rotational stiffness and angular rate
disturbance rejection is shown.
Building on these studies three dimensional analyses with rotations about all axes is con-
ducted in Reference [135]. This looks at maximum nodal rotations based on nodal design pa-
rameters such as 1, 2, and 3 tethers as well as inertia, radius and tether connection angles. It
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also quantifies the extent of plasma shielding on dynamical response as well as electrical power
requirements.
Taking the TCS concept a step further the Mother Child application is introduced in Ref-
erence [136]. It is shown that a small tethered Child node can provide situational awareness at
GEO at a relatively fixed position and attitude with respect to the Mother craft with minimal
sensing, control and propulsion needs. This paper expands upon previous research by simulating
two non-identical (size or mass) TCS nodes (Mother and Child) in naturally unstable orbit configu-
rations. It also explores power and propellant mass requirements to maintain kilovolt-level charges
in a plasma and quantifies the forces from charge emission. This chapter summarizes the pertinent
findings of each of these papers to give insight into realistic applications of a space-based Coulomb
technique.
7.1 Tethered Coulomb structure as a GEO sensor platform
Expanding the application of the CFF Concept to a GEO sensing platform has lead to the
development of the Tethered Coulomb Structure (TCS) concept first conceived in Reference [137].
The TCS concept offers a number of advantages over the free-flying Coulomb spacecraft cluster
concept in that the relative motion is constrained through the tether lengths. The TCS uses discrete
spacecraft nodes that are inter-connected with fine, low-mass tethers as illustrated in Figure 7.1.
Each node is repelled from the other TCS nodes through the use of electrostatic (Coulomb) forces.
The inflationary Coulomb forces provide rigidity and shape control. The TCS size and shape is
constrained by the tether lengths which limit how far the nodes can repel from each other.
Similar to the Coulomb formation flying benefits, some key advantages of the TCS system
is that it only requires watt-levels of power and very little propellant (low mass ions or electrons).
This provides the TCS with long term mission capabilities [137]. The main difference between TCS
and Coulomb formation flying scenarios is that the charge control problem is significantly simplified.
Instead of requiring precise charge levels to maintain relative positions, as well as complex non-
affine control developments, the TCS only requires the charge levels to be maintained above a
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Figure 7.1: Illustration of close proximity sensing with the tethered Coulomb structure concept
certain threshold that guarantees robustness to orbital perturbations. For example, to guarantee
tether tension in the presence of differential gravity or solar radiation pressure, the electrostatic
inflationary force must simply be larger than these perturbations.
TCS configuration sizes ranging from tens to hundreds of meters are envisioned by connecting
strands of charged nodes with tethers. The TCS concept has the advantage of being launched in a
compact and stored configuration, that is then inflated or deployed on-orbit. A key feature of TCS is
that this Coulomb force inflation provides structural rigidity and an ability to resist deformation and
disturbances. With length-adjustable tethers it is possible to change the structures shape and size
on-orbit providing an adaptable nodal network to meet variable sensing and mission requirements.
The concept can also be used to deploy and hold a small node in a fixed position from a primary
spacecraft providing situational awareness or local sensing. An additional advantage of the TCS
concept is that tether tensions can be maintained without requiring a particular orbit, equilibrium
configuration or spin, like typical tethered systems.
Figure 7.2 shows how the concepts shape change attributes and control requirements compare
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to alternate space platform techniques. A large, monolithic space structure such as the Hubble space
telescope is essentially launched and deployed as a single unit (except for the deployed solar arrays).
This provides good overall rigidity with very little relative motion or flexing control requirements.
Larger space structure concepts are considered now. The Air Force Research Laboratory’s Inno-
vative Spacebased radar Antenna Technology (ISAT) program for instance, envisions deployable
structures that could reach 100 meters in size and larger. This increased shape changing ability
results in a very light weight structure that might require active damping and smart materials to
dampen out oscillations. Other large spacecraft concepts such as solar sails or gas-inflatable struc-
tures achieve even larger shape change capabilities with ever more light-weight structures. On the
other end of large space platforms in Figure 7.2 are free-flying formations, such as the CFF concept.
Here the space platform shape is free to change subject to thruster propellant and power limita-
tions. However, the relative motion sensing and control requirements are significantly increased in
contrast to continuous structures such as iSat or solar sails. The proposed TCS concept falls be-
tween the current solar sail and inflatable concepts, and the free-flying spacecraft cluster concepts.
While the TCS nodes are interconnected, the millinewton tether tensions are small enough such
that the orbital motion must be taking into account when studying TCS dynamics.
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Figure 7.2: TCS concept shape change attributes and control requirements comparison
Similar to the CFF concept, it is necessary to operate a TCS at GEO altitudes or higher where
140
the plasma is nominally hot and sparse and there is minimal charge screening. Also, kilovolt-levels
of charge are considered for the TCS concept using charge control technology previously highlighted.
A charge emission device can be used on each of the TCS nodes or on a single node and distributed
to other nodes via conducting tethers. The primary benefits and draw backs of either scenario are
investigated here.
7.2 Space tethers
The use of tethers in space is a continuing field of aerospace research. Given here is an
overview of some of the developments and future projections of space tether mission and materials.
This is important as one critical component of the TCS concept is the successful implementation
of tethers.
For tethers of any length a significant risk is severance. Micro-meteroid damage is a serious
concern for tether damage. The probability of a tether being severed is computed based on the
proportion D2.6/L years, where D is tether diameter in mm and L is the tether length in km [12].
For long tethers, the risk of severance is reduced by two orders of magnitude with a two-strand
tether [14].
The HoytetherTM is one such multi-braided tether design intended to reduce damage and
severance through redundancy as design by Robert P. Hoyt and Robert L. Forward [14]. The
HoytetherTM launched on the CubeSat mission Multi-Application Survivable Tether (MAST) in
2007. The 1 km long tether and 3 CubeSats was designed to study electromagnetic tether propul-
sion, unfortunately the mission failed to be deployed on orbit [172].
Additional space tether missions are briefly introduced here. The Small Expendable Deployer
System (SEDS-1) Launched in 1993 with a 26 kg payload on a tether. The tether was cut after
1 orbit to swing payload into a re-entry trajectory [13]. The Plasma Motor Generator (PMG)
was launched in June 1993 with a 500 m long, insulated 18 AWG copper wire tether. This tether
measured a maximum current of 1/3 A and voltage drops of 25 V [13]. SEDS-2, a follow on mission
was launched March 1994 with a 19.7 km long tether. Unfortunately the tethered suffered severance
141
after only 3.7 days. Until its end of life in May 1994, a 7.2 km length of tether remained attached
to the Delta rocket. The tether was a braid of Spectra 1000 fibers with a total diameter of 0.78
mm [13].
The TSS-1R mission onboard STS-75 was a research study for electrodynamic tether de-
velopment. The 20 km tether deployed to 19.7 km and then failed. The TSS tether featured a
Nomex core with ten strands of 34 AWG wire in a 0.305 mm thick Teflon insluation under layers of
Kevlar 29 and braided Nomex, giving an overall tether diameter of 2.54 mm [45]. The spun Kevlar
provided the load bearing capabilities with a tensile strength of ≈3.6 GPa and a relative density
of 1.44. Under its nominal load of 65 N, a foreign object penetrated the insulation layer causing
failure through arcing and eventual burning [14].
The Tether Physics and Survivability experiment (TiPS) used a nonconductive tether braid
of Spectra 1000. With a diameter of 2 mm it had a total length of 4023 m the tether mass was 5.5
kg. The spacecraft mass was 37.7 kg. The tether design featured a 4 strand twisted yarn of Patons
Canadiana Acrylic, surrounded by 12 Strands of Spectra 1000 to reduce severance susceptibility [4].
The TiPS tether survived 10 years prior to breaking.1
The Advanced Tether Experiment (ATEx), launched in October 1998 is particularly inter-
esting as the tether used had a flat, tape-like, cross-section. The total tether length was 6.5 km,
however the mission was aborted after only 22 m was successfully deployed and excessive libra-
tions occured. Again Spectra was used to reinforce the low-density polyethylene tether. A fault in
this design was the tendency for the tether to adhere to itself and exhibiting mechanical memory
effect [14].
Tether materials used and proposed in space include Kevlar, Spectra, Dyneema and M5.
A comparison of these tether materials exposed to LEO orbit conditions is conducted in Refer-
ence [47]. Another option for a spacecraft tether material is AmberStrand R©.2 AmberStrand R©
is an electrically conductive hybrid yarn made up of a metal coated polymer that offers a flexible,
1 Naval Ocean Surveillance System Double and Triple Satellite Formations, http://www.satobs.org/noss.html,
10/17/2011
2 Syscom Advanced Materials, Inc. www.amberstrand.com, 10/17/2011
142
low-mass and high strength tether. Preliminary strength and application tests have been conducted
at the University of Colorado at Boulder on a braid of three twisted Amberstrand R© fibers.
Based on these space tether research of these papers generic average parameters are selected
for the tethers used in this TCS study. For this work the Young’s modulus is E = 271 × 109 Pa
and the cross sectional area is A = 5.29 × 10−10 m2. These parameters are representative of the
fine, low mass tether materials that are suitable for the short separations of a TCS.
7.3 TCS forces and dynamic modeling
This section develops the fundamental forces acting on a TCS system. The dynamic model
considered includes translational and rotational degrees of freedom of each TCS node, Coulomb
forces for inflation, and fixed, deployed tether lengths to maintain a constant average size and
shape. The TCS shape will undergo small variations due to flexing of the tethers and motion of
the nodes. For the studies computed in this dissertation a two node TCS is used as a benchmark.
A two-node configuration is chosen because it represents the lower bound of rotational stiffness for
a TCS configuration. Furthermore, it allows focused examination of the effects of varying specific
system parameters on rotational motions and tether entanglement. A two-node TCS configuration
also allows for rotational motion analysis using multiple tethers. Figure 7.3 shows the 3D, two-node
configuration with a single-tether connection as well as nodal forces. For this analysis the nodes
are modeled as spheres of radius R.
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Figure 7.3: Two-node TCS configuration setup with a single tether
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This research utilizes a nonlinear numerical simulator that models a general number of space-
craft nodes that are tethered in a selectable configuration. The numerical simulation of this study
computes the translational and rotational motion of the two TCS nodes. The only forces assumed
to be acting on a TCS at GEO are Coulomb, tensile, gravity, and solar radiation pressure. Lorentz
forces for a conducting tether are not considered in this study for a number of reasons. Firstly, the
tether lengths are very short and the potentials are ultimately fixed, so there is minimal current
in the tether. Additionally, at GEO the tethered craft are in synchronization with the Earth’s
magnetic field, resulting in zero relative velocity.
Relative motion and attitude simulations are used to determine the conditions that lead
to tether entanglement with the TCS nodes, an undesired state. The tethers are modeled as a
proportional spring with nonlinear end displacements. This allows for general tether stretching due
to arbitrary node translation and/or rotation. The magnitude of the tensile force from a single
tether is given by:
|Fs| =

ksδL δL > 0,
0 δL ≤ 0.
(7.1)
where ks is the proportional spring constant and δL is the stretch in the tether. The spring constant
is computed from the tether properties using the relationship (ks = EA/L).
The Debye-Hu¨ckel Coulomb force model with plasma shielding, of Equation 3.36, is used
in this TCS analysis. This offers a conservative repulsive force estimate and for simplification
does not include combined system position dependent capacitance or uneven charge distribution.
Consequently the Laplace relationship of charge to potential for spheres, given in Equation 3.5, is
used.
If the TCS system features only a single connecting tether, Eq. 7.1 gives the total tether force
on each node. However, the algorithm is capable of simulating multiple tethers between each node.
The tether length increase of tether k between nodes i and j is defined by δLijk. Therefore, the
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resulting tensile force acting on node i from the tether(s) connected to node j is:
Tij = ks
M∑
k=1
δLijkτˆijk (7.2)
where M is the number of tethers between nodes i and j and τij is the vector defining the k
th
tether’s connection between node i to j.
A two-body gravity model is simulated for the TCS operating at GEO with a force:
|Fg| = µmi|ri|2 rˆi (7.3)
where µ = 3.986 × 1014 m3s−2 is the gravitational coefficient for Earth, mi is the spacecraft node
mass and ri is the inertial position of node i.
The Solar Radiation Pressure (SRP) force at 1 AU is simulated using:
FSRPi = PSRPCrAsSˆi (7.4)
where PSRP , Cr, and As are the solar radiation pressure, surface reflectivity and the cross-sectional
area of the spacecraft, respectively and Sˆi is the unit vector from the Sun to node i.
7.3.1 Translational EOM
All four forces simulated at GEO (Coulomb, tensile, gravity and SRP) are included in the
translational equations of motion of a TCS node:
r¨i = − µ|ri|2 rˆi + PSRPCrAsSˆi +
Tij
mi
+
kcqiqj(−xˆij)
mix2ij
e(−(x12−R))/λD
(
1 +
xij
λD
)
, i 6= j (7.5)
where xij is the position vector between node i and j and consequently reduce to the separation
distance when considering only the two-node case with restricted linear motion.
7.3.2 Rotational EOM
It is assumed that the only torque driving the rotational motion of a TCS node is from
the tether forces. Differential gravity and Solar radiation pressure induced torques can be ignored
because the spacecraft are spherical and have symmetric mass moments of inertia. With even
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charge distribution on the conducting spheres the Coulomb forces act on the center of each node
producing no torque. Therefore, the attitude of each spacecraft node is dependent on the torque
from each tether:
BΓi =
M∑
k=1
(Bpijk × [BI]iITijk) , i 6= j (7.6)
where pijk is the body fixed vector that defines the location of the k
th tether attachment point on
node i that connects to node j and [BI]i is the direction cosine matrix of the attitude of node i
relative to the inertial frame. The angular acceleration of each node is defined in the body frame
with Euler’s rotational equations of motion [128]:
[I]iω˙i = −ωi × ([I]iωi) + Γi (7.7)
The attitude of each node is represented with the modified rodrigues parameters (MRP) which are
integrated using the differential kinematic equation:
σ˙i =
1
4
[
(1− σ2i )[I3×3]i + 2[σ˜]i + 2σiσTi
]
ωi (7.8)
The MRP set will go singular with a rotation of ±360◦. To ensure a non-singular description, the
MRP description is switched to the shadow set whenever |σ| > 1 [128].
7.3.3 Sample force magnitudes
To appreciate the expected force magnitudes a TCS structure will encounter on orbit, consider
a two-node tethered system. With nodes of radius 0.5 m, separated by 5 m center to center and
charged to a surface potential of 30 kV the expected force levels are shown in Table 7.1. As
demonstrated in earlier chapters this is an achievable charge level with current technologies. The
solar radiation pressure is computed for one node at 1 Astronomical Unit (AU) from the sun where
the solar radiation pressure is 4.56×10−6 N/m, and the surface reflectivity is 1. The differential
gravity gradient force is computed assuming the nodes are aligned along the nadir line at GEO
altitude, each with a mass of 50 kg.
In the absence of external perturbations (such as SRP or gravity gradients) there exists a
force equilibrium between the Coulomb and tensile forces. Two nodes at 30 kV potential, with a
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desired separation, (xo = 5 m), using Amberstrand
R© tether material need only stretch 0.75 µm to
reach this equilibrium separation, xe.
Table 7.1: Expected force magnitudes for a two-node TCS separated by 5 m
Force Value Units
Coulomb (Fc) 1.0 mN
Tether (Fs) 1.0 mN
SRP (FSRP ) 3.6 µN
Differential gravity 4.0 µN
7.3.4 Numerical simulation: TCS compression due to external disturbance force
For this example TCS, the force magnitudes of the primary disturbances at GEO, differential
SRP and differential gravity, are three orders of magnitude less than the Coulomb control forces.
The intent of the following study is to quantify the capabilities of a two-node TCS configuration
to resist deformation from an external perturbation, in this case, differential SRP.
Consider two spacecraft nodes connected with a single-tether. The solar radiation pressure is
added as a bias force that is compressing the system along the direction of the tether line as shown
in Figure 7.4. The SRP force is acting on both nodes, but increasing the size of node 1 produces a
differential SRP that attempts to compress the nodes. The concern is whether the Coulomb forces
are large enough to maintain tether tension in this setup. The parameters of the study are shown
in Table 7.2 and the simulation algorithm used is shown in the Appendix.
tether
Node 2
FcFs
Node 1
Fc FSRPFSRP Fs
Area 1
Area 2
xo
xe
Figure 7.4: Two-node Solar radiation pressure model setup
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Table 7.2: Simulation parameters for SRP analysis
Parameter Value Units
Spacecraft Area Ratios 1-10
Spacecraft node radius (R) 0.5 m
Spacecraft separation (xo) 10 m
Solar pressure (1 AU) 4.56×10−6 Nm−2
Surface reflectivity 1
The nodes have a desired separation of 10 m. If the Coulomb forces are found to be sufficient
to maintain tension for this challenging larger separation distance, then TCS systems of shorter
separation distances should not be significantly compressed by differential SRP. The sunlit surface
area of node 1 is increased linearly in multiples from one to ten, where one is the nominal surface
area corresponding to a 0.5 meter radius circle. An increase in the surface area will cause the
homogeneously distributed charge to also increase for a fixed nodal potential. This would further
increase the stiffening capabilities of the TCS system. To maintain a worst-case scenario, this model
does not incorporate any change in the Coulomb force as the surface area of node 1 is increased.
To isolate the differential solar radiation pressure effects, this simulation does not induce attitude
rotations and omits gravity forces.
The numerical simulation is set up with the craft initially at their undisturbed equilibrium
states. The contour plot of Figure 7.5 shows what the worst-case percentage of the buffer between
equilibrium distance and un-stretched distance is compromised by the SRP disturbed relative mo-
tion. This value is calculated using:
% =
Le −min(L)
Le − Lo 100 (7.9)
This percentage value indicates how close the tether length is from becoming slack as a function
of both charge and the surface area ratio between the craft. The top left portion of the figure
indicates that the crafts relative motion compresses to the point of causing the tether to go slack
at times.
As indicated in Figure 7.5 an increase in charge will stiffen the system to resist differential
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Figure 7.5: Proximity of nodes from generating a slack tether due to SRP compression
perturbations. For shorter separation distances of less than 10 meters the system is further stiffened
reducing the voltage requirements to resist the same disturbance force levels. Note that even with
a very large TCS node size ratio of 10 and 25 kV potential, the compression due to this worst-case
alignment of the differential SRP disturbance would only cause approximately a 20% compression
of the equilibrium distance buffer. For TCS separation distances on the meter-level, considering
near equal nodal sizes, the differential SRP will have a minimal impact on the TCS shape. Based
on the results of this simulation it is appropriate to omit the effects of differential perturbations
such as SRP and gravity to analyze short-term dynamical motions and natural frequencies. For
long term dynamic studies, the implementation of the full models of Equations 7.5 & 7.6 are used.
7.3.5 Two-node simulation parameters
The intent of this chapter is to provide insight into the dynamics and design parameters
of the TCS concept. These studies are based upon the translational and rotational motion of a
representative two-node system. Here the response of the two-node system subjected to initial
angular rate errors that represent deployment or disturbance torques is investigated.
Simulations are computed with the full three-dimensional equations of motion including atti-
tude dependance. For practical reasons, the simulations are stopped if an attitude reaches a tether
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wrap up state (±90 degrees for single-tether). A common set of TCS parameters for each simulation
case is shown in Table 7.3. Three un-stretched separations of xo = 2.5, 5, and 10 m measured from
node center to center are used.
Table 7.3: Simulation parameters common for all test cases
Parameter Value Units
Spacecraft node mass (m) 50 kg
Spacecraft node radius (R) 0.5 m
Spacecraft potential range (V ) 5-50 kV
Spacecraft separations (xo) 2.5, 5, 10 m
Initial attitude rate errors
(
θ˙(0)
)
1-120 deg/min
To demonstrate the complex coupling between translational and attitude motions of tethered,
charged nodes an example simulation is shown. Figure 7.6 shows the relative motion of a two-node
system in deep space. Each node has an initial angular rate of 45 deg/min about different axes.
The nodes maintain a fixed potential of 30 kV and there are no gravity or SRP forces acting. The
nodes have an un-stretched separation of 5 m, radius of 0.5 m and mass of 50 kg. Figure 7.6
demonstrates the relative oscillatory motion of the two nodes along with the attitude of node 1 and
the corresponding tether force levels.
Figure 7.6 indicates the complex dynamics that result from a two-node, single tether TCS
system with solely an initial angular rate error. While this numerical simulation can handle general
translational and rotational motion of N nodes, the results yield an overwhelming amount of
data, making it difficult to gain any insight. This numerical demonstration highlights the need to
reduce the complexity of the system. It is beneficial to isolate the motions of the TCS system and
appreciate its true capabilities. For this reason, the following section in this paper reduces a generic
TCS system to its fundamental translational and rotational motions.
7.4 Translational and rotational stiffness
This section documents the dynamic model of the representative two-node, single-tethered
TCS system. This two-node model is reduced to two degrees of freedom (2DOF) and linearized to
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Figure 7.6: Example of two-node, complex 3D relative motion, attitude and single-tether tension
(initial angular rates of 45 deg/min)
obtain insight into expected motions about equilibrium. The linearization allows specific analysis
of individual translational and rotational motions. The models are developed in this section in the
absence of gravitational and SRP perturbations. The two-degree of freedom models developed here
also provide verification of the full 3D model and simulation results.
7.4.1 Two degree of freedom model
A simplified 2DOF TCS model is developed to provide insight into how TCS node rotation
impacts the charge requirements and related stiffness capabilities. This TCS model features two
nodes attached with a single-tether as shown in Figure 7.3.
By constraining the nodes to asymmetrically rotate by an angle θ the tether remains parallel
to the line of sight vector resulting in one dimensional translational motion with the Coulomb and
Tether forces (Fc & Fs) directly opposing each other. This reduces the model to one rotational
degree of freedom and one translational. This motion is desirable as it allows analysis of the
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effects of each motion in isolation. Any alternate symmetries cause two dimensional translational
motions that are also inherently coupled to rotational motions. The Coulomb force for this model
is assumed to have no shielding from the plasma environment due to the very small meter-level
separation distances. This is a reasonable assumption given the force magnitude is reduced only
0.03% at a separation of 5 meters in a nominal 200 m Debye length plasma.
The translational equation of motion of this system is:
x¨ =
2kcQ
mx2
− 2ks
m
[x− xo + 2R(1− cos θ)] (7.10)
where xo is the un-stretched node separation and m is the node mass. With the tethers attached
at fixed locations on the spherical surfaces any rotation will result in a torque on the node. This is
modeled to examine the correlations between translational and rotational motions. The attitude is
governed by the rotational equation of motion:
θ¨ = −Rks
I
[x− xo + 2R(1− cos θ)] sin θ (7.11)
where I is the mass moment of inertia of the node. For this 2DOF model the mass of each node
is equal and the mass moment of inertia of a solid disk is used. Future studies can vary these
properties to analyze the effect of mass and its distribution on the dynamics of the system.
7.4.2 Single-tether linearized model
To focus on the dynamical motion of the nodes, the 2DOF model is linearized. Equation 7.10
has an equilibrium condition at a separation, x = xe and an attitude θ = 0. At this equilibrium,
the translational equation of motion is reduced to
x¨ = 0 =
kcQ
x2e
− ks(xe − xo) (7.12)
which can be arranged to a cubic relationship between the equilibrium distance xe and the associated
charge product Q:
kcQ = ks(xe − x0)x2e (7.13)
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Of the three xe solutions only the real solution is practical. At this equilibrium separation distance
the Coulomb and tether forces are equal and the nodes remain stationary (with no external distur-
bances). One interesting consequence of this equilibrium distance is that it is independent of the
system mass.
The 2DOF model given in Eqs. 7.10 and 7.11 is linearized about the equilibrium condition to
produce a reduced system model to study the dynamic behavior of oscillations about the equilibrium
states. Linearizing the translational motion for small departures (δx = x− xe) results in:
δx¨ ≈ − 2
m
[
2kcQ
x3e(Q)
+ ks
]
δx (7.14)
This approximate translation description is decoupled from the angular rotation and is the form
of the stable, undamped harmonic oscillator equation. The natural frequency of this oscillatory
translational response is given by:
ωT =
√
2
m
[
2kcQ
x3e(Q)
+ ks
]
(7.15)
The rotational equation of motion is linearized to the form:
θ¨ ≈ −Rks
I
[xe(Q)− xo] θ (7.16)
This linearized rotational equation of motion also decouples and is of the form of the stable un-
damped harmonic oscillator equation. The natural frequency of this oscillatory rotational response
is given by:
ωR =
√
Rks
I
[xe(Q)− xo] (7.17)
While these linearized models are only valid for small oscillations, they can be used to offer insight
into the response of the system about its equilibrium state.
7.4.3 Linearized model analysis
Using the linearized system model, two case studies are used to analyze motions and sensi-
tivity to the nodal parameters; potential, tether material and separation. Ultimately, it is possible
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to gauge the expected stiffness of the TCS, with the linearized models of Equations 7.14 and 7.16
and using the system properties of Table 7.3.
7.4.3.1 Natural frequency response
The natural frequency of the linearized translational and rotational motions of Equations 7.15
and 7.17 gives a measure of the TCS stiffness. Figure 7.7 shows the natural frequency of the
linearized translational motion for three separation distances. For the voltage range analyzed,
the natural frequency of the response changes less than 0.1%, indicating that it is essentially
independent of the spacecraft charge. The translational stiffness is largely determined by the
tether material stiffness. As the separation distance between the nodes decreases, the frequency
of the system response increases as a result of the shorter (stiffer) tethers and enhanced Coulomb
force magnitudes.
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Figure 7.7: Natural frequency of linearized translational motion
Figure 7.8 shows the natural frequency of the linearized rotational motion, Equation 7.17, for
three separation distances. In contrast to the translational stiffness which is essentially decoupled
from the magnitude of the electrostatic inflation force (assuming AmberStrand R©-like materials),
the rotational stiffness or natural frequency is directly related to the TCS node potentials. The
rotational natural frequency has a near-linear dependance on potential for the range of charges
used in this study. In essence, the rotational motion will be stiffened through enhanced charge
levels. Only for potentials much larger and unrealistic for spacecraft charging (>2000 kV) does the
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response become non-linear.
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Figure 7.8: Natural frequency of linearized rotational motion
Note that the translational natural frequency is at least two orders of magnitude greater than
the corresponding rotational motion. For these uncoupled linearized equations and the system
parameters analyzed, this implies that a TCS is naturally superior at constraining translational
motion. Based on this outcome, the primary focus of TCS studies in this dissertation is on the
nodal rotational responses.
7.4.3.2 Sensitivity of rotational motion to tether material
AmberStrand R© is the example tether material used for this study. The use of an alternate
tether material would change the material stiffness (spring constant). The linearized model is used
to analyze the effect on the resulting rotational node motion by varying this tether material stiffness.
Equation 7.16, which is the form of a stable oscillator, has the solution θ(t) = A sin(ωRt+β) where
β is the phase offset and the amplitude of the rotational response oscillation, A, is defined as:
A = θ˙(0)
√
2mR
5
√
1
ks (xe(Q, ks)− xo)︸ ︷︷ ︸
α
= θ˙(0)
√
2mR
5
α (7.18)
Here θ˙(0) is the initial angular rate and θ(0) is assumed to be zero. The amplitude A is
proportional to α, which is a function of the tether stiffness ks and node charge product Q. Note
that xe depends on ks so amplitude is not inversely proportional to the spring constant. For 10 m
separated nodes tethered with the nominal AmberStrand R© braid the resulting spring constant value
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is ks10 = 591. This spring constant value corresponds to an amplitude factor α10. Investigating the
impact of the tether material properties is performed by varying the spring constant value from
ks10 × 10−8 through ks10 × 10. The resulting amplitude multiplication factor α of Equation 7.18 is
normalized by the nominal α10 value and plotted in Figure 7.9 for a range of node potentials.
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Figure 7.9: Effect of varying tether spring constant on the amplitude of linearized angular oscilla-
tions
This study shows that changes in the tether spring constant have a minimal effect on the
amplitude of angular rotations compared to the nominal 10 m separation (ks10) response. It requires
a spring constant that is reduced by 1×10−8 times the value of the 10 m separated case and nodes
of 50 kV to increase the maximum angular rotation by only 2.5. Any tether material with a
realistic spring constant or anything stiffer than the example tether material will result in the same
rotational motion response, an important finding of the linearized analysis.
7.4.3.3 Extent of linearization range
The previous sections use linearized equations to analyze expected motions about equilib-
rium conditions. Numerical simulations using the 2DOF model are used to quantify the extent of
accuracy of these linear approximations. This is achieved by calculating the period of oscillation
of the system response to deviations from equilibrium both with the translational and rotational
equations of motion.
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Figure 7.10 shows the period of oscillation of the two-node system initialized with a transla-
tional offset δx from equilibrium xe. The period of oscillation is compared to that predicted from
the linearized system of Equation 7.15. The nodes are offset in both the compression and stretch
directions (xe± δr) and give different periods of oscillation. This figure indicates that the range of
accuracy of the linearized translational equation is only ± 1× 10−3 mm.
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Figure 7.10: Comparison of oscillation periods for linearized translational equation to non-linear
simulation
Similarly, the period of oscillation of the two-node system initialized with a rotational offset
δθ from the equilibrium angle of zero is shown in Figure 7.11. The period of oscillation is compared
to that predicted from the linearized system of Equation 7.17. Due to symmetry, the nodes are offset
only in the positive θ direction. This figure indicates that the range of accuracy of the linearized
rotational equation is ± 8 × 10−2 degrees. Beyond this linear range the rotational oscillations
abruptly change periods as the tether now becomes marginally slack at times causing the nodes to
to lose their smooth rotations.
The conclusion of this study is that the linearization analysis only holds for very small
departures from the respective equilibriums. The conclusions of the linearized analysis still hold
and give insight into the expected performance of the TCS dynamics; However, the non-linear
nature of the TCS dynamics dominate, leading to the need for numerical simulations for further
analysis.
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simulation
7.4.4 Numerical simulation: rotational stiffness capabilities
The linearized analysis gave an indication of the translational and rotational motions and
their dependence on two key system parameters, craft potential and tether material. Due to the
very non-linear nature of TCS dynamics, further analysis of the rotational motion is conducted to
demonstrate the TCS stiffening properties and capability to resist angular rate errors.
After deployment, the TCS nodes will not be perfectly at rest with respect to each other. This
analysis uses the full 3D non-linear equations of motion to demonstrate the ability of the Coulomb
force to stiffen the structure and resist deformation due to this initial angular rate. The two-
node, single-tether TCS configuration with three different separation distances are simulated with
assymmetric initial angular rotations. Here both nodes perform the same (but opposite) rotation
and consequently have one dimensional translational motion, to focus on rotational dynamics.
Figure 7.12 shows the maximum attitude angle that is reached by the nodes for each of
the separation distance cases. This is shown as a function of the spacecraft surface potential and
each data line corresponds to the initial angular rate error. No material damping is considered
in this study as the focus is on the initial rotational response and issues with tethers wrapping
up on nodes after a single oscillation. The weak material damping would only impact long-term
oscillation amplitudes.
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Figure 7.12: Maximum attitude reached as a function of initial attitude rate error
The solid lines in Figure 7.12 indicate that the tether remains taut for the simulation duration,
where as the dashed regions have the tether reach a slack state. For many of these conditions the
tether may go slack only a small fraction of the simulation time and is typically much less than
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a millimeter from the un-stretched tether length. Given that there are only infrequent times of
slight slackness, this is not a significant concern. It is anticipated that passive or active damping be
added to the TCS system to assist the transient response to reach a taut tether equilibrium state.
Future research investigating the use of active motion damping or passive damping with viscous
materials at the tether attachment points is envisioned.
For the three separation cases analyzed the conditions that cause the angle of rotation to go
above 27◦ results in a tether that will periodically go slack. Interestingly this rotation amplitude
limit appears to be independent of the initial conditions considered or the node separations. The
cause of this correlation is currently under investigation.
A reduction in the spacecraft separation distance results in two key changes on the system as
shown in Figure 7.12. Firstly, the tether spring constant increases and secondly the spacecraft will
be closer together, increasing the Coulomb force for an equivalent charge level. This increases the
stiffening of the rotational motion, as preluded by the earlier linear analysis. This simulation now
quantifies the enhanced ability of a stiffened TCS to resist deformation due to an initial angular rate
error on the nodes. Figure 7.12(a) shows that a 10 meter nodal separation with 35 kV potentials
requires an initial nodal rotation rate less than 10 deg/min, a small value. Otherwise, the tethers
will periodically go slack, or the nodes could wrap up with the tethers. In contrast, Figure 7.12(c)
shows that reducing the separation to 2.5 m and maintaining a 35 kV potential will constrain a 45
deg/min angular rate. At these separations rates as high as 120 deg/min can be tolerated without
nodal wrap up. Shorter separation distances yield significant increases to the rotational stiffness of
the TCS nodes.
7.5 Double-tether rotational stiffness capabilities
Having a TCS system that incorporates a redundant set of tethers between the nodes, with
the attachment points distributed across the nodes surface, is a method of increasing the rotational
TCS node stiffness. The following numerical simulation results quantify by how much the rotational
TCS node stiffness can be increased if a double-tether setup is employed.
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7.5.1 Two degree of freedom model
The double-tether TCS concept is shown in Figure 7.13 on a two-node system. The intent
of the redundant double-tether is to add rigidity and resistance to deformation for the TCS. The
system is modeled with asymmetric motions so that it can once again be reduced to two degrees
of freedom to gain analytical insight.
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Figure 7.13: Two-node system setup with double-tether
The translational equations of motion of the symmetric double-tether system is:
x¨ =
2kcQ
mx2
− 4ks
m
[x− xo + 2R cosφ(1− cos θ)] (7.19)
where φ is the half angle between the tether attachment points. The rotational equation of motion
is given by:
θ¨ = −2xks sin θ
I
{
cosφ(x− xo) + 2x
[
cos θ + cos2 φ− 2 cos θ cosφ]} (7.20)
The rotational equation of motion is significantly more complex than the single-tether setup. How-
ever, linearizing the double-tether motions about the equilibrium states, still produces a decoupled
set of equations. The translational motion for small departures about the equilibrium (δx = x−xe)
is:
δx¨ ≈ − 4
m
[
kcQ
x3e(Q)
+ ks
]
δx (7.21)
This linearized translational motion is of the form of a stable undamped harmonic oscillator. It
is also equivalent to the single-tether case of Equation 7.14 with an additional factor of two. This
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further increases the natural frequency and stiffness of the translational response. The rotational
equation of motion is linearized to the form:
θ¨ ≈ −2Rks
I
[
(xe(Q)− xo) cosφ+ 2R(1− cos2 φ)
]
θ (7.22)
This linearized rotational equation of motion decouples from the translational motion and is a
stable undamped harmonic oscillator equation. Unlike the single-tether rotational motion of Equa-
tion 7.16 this linearization features dependance on the tether attachment angle φ. Figure 7.14 plots
the rotational natural frequency of Equation 7.22 as a function this tether attachment angle and
potential. This figure shows how stiffening is significantly increased with the tether angle φ. This
geometric stiffening is a consequence of the larger moment arm acting on the node. The data in
this figure is generated with nodes of 0.5 m radius separated by 2.5 m. It should be noted that
with zero tether separation (φ = 0) the double-tether rotational natural frequency is equivalent to
the single-tether system shown in Figure 7.8.
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Figure 7.14: Natural frequency of linearized rotational motion of double-tether model
Figure 7.8 showed for the single-tether case that increasing charge increases the natural
frequency of the rotational response. This also occurs with the natural frequency of the double-
tether shown in Figure 7.14, however has less contribution than the geometric stiffening. Utilizing
a double-tether will increase the ability to resist nodal angular rotations.
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7.5.2 Double tether system response to angular rate errors
In this simulation case the double-tether response to angular rate errors is compared to that
of a single-tether configuration. A two-node configuration with a separation of 2.5 m is analyzed.
The simulation is performed using the full 3D and non-linear coupled equations of motion. The
parameters of the symmetric simulation are shown in Table 7.4.
Table 7.4: Double tether simulation parameters
Parameter Value Units
Initial attitude rate errors
(
θ˙(0)
)
5,10 deg/min
Spacecraft node radius (R) 0.5 m
Spacecraft separation (xo) 2.5 m
Tether attachment point angle (φ) 20 deg
Using two initial angular rate errors for each tethered system the resulting maximum attitude
angle reached is shown in Figure 7.15 on a y-axis log plot. There is a noticeable difference in the
systems responses. The double-tethered system performs better at reducing maximum rotation
due to initial rate errors. This indicates that the resulting moment arm from the double-tether
configuration significantly increases the TCS response to angular rates. While the double-tether
system has the advantage of producing a stiffer system, it is also prone to having a tether go slack
as shown by the dashed lines in the figure. The tether is only marginally and momentarily slack at
times of closest approach between the nodes. Once again, during these times the tether is slack less
than 1 mm over its entire length. In contrast, during this simulation case the single-tether system
remains taut for any charge above 10 kV, at a cost of reaching higher attitude angles. Another
consideration with the double-tether TCS is that the nodes are inherently closer to wrap up due
to the tether connection angle. A comparison between the resistance to absolute angular rotation
versus the close proximity to wrap up must be considered.
The results of this preliminary double-tether simulation indicate that a TCS system can be
significantly stiffened beyond an equivalent single-tether system. An additional advantage is the
safety provided by having two tethers between nodes. In case one tether is severed, the remaining
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Figure 7.15: Double-tether vs single-tether attitude response to angular rate errors
tether would still maintain the TCS shape, although with reduced accuracy.
Numerical results obtained with the full three dimensional non-linear equations of motion
indicate that external perturbations such as SRP or differential gravity have minimal influence on
the short-term dynamics. For obtainable kilo-volt level potentials the TCS system will sufficiently
inflate and resist deformation from external forces. This is shown firstly through simplified, lin-
earized models, that give an analytical expression for the natural frequency of isolated translation
and rotational motions. The natural frequency is an indication of the stiffness of the system and
the rotational motions produce lower magnitudes and are therefore the focus of this study. The
TCS rotational response to initial angular rate errors is also quantified and shown to significantly
improve with the use of an additional tether.
7.5.3 Conceptual node design
Taking into consideration these dynamical results an ideal TCS spacecraft node design may
appear similar to the conceptual illustration of Figure 7.16. This design maximizes the spacecraft
rotational stiffness, increases nodal wrap-up angles and provides a spherical conductive surface for
even Coulomb force generation. The mass moment of inertia is minimized by placing the spacecraft
components within a low-mass exterior conducting shell. The tethers are connected to attachment
arms that extend beyond the shell increasing the tether moment arms and consequently rotational
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stiffness. This attachment arm design also increases the maximum angle before nodal wrap up.
Tethers
Tether attachment arm
Spacecraft
Conducting shell
Figure 7.16: Illustration of conceptual TCS spacecraft node design
7.6 Power requirements to maintain a fixed potential in a plasma
The net power required for a charged spacecraft to maintain a fixed potential in a plasma
is directly proportional to the spacecraft potential and the net current from the plasma. This is
represented with P = V Icc, where V is the spacecraft potential relative to the plasma and Icc is the
charge control current. It is assumed that the charge control current (Icc) can be either positive or
negative charge and equal the net plasma current Inet = Icc. The net plasma current is developed
in Chapter 2 and used here in the form of Equation 2.21. This includes photoelectron current on
sun-lit surfaces, as well as secondary and backscattered currents. Only the sun-lit case is examined
as this is the typical environment at GEO and also leads to highest power requirements, compared
to negative charging in eclipse.
For this power analysis a specific two-node TCS application is used. Here one large spacecraft
(the Mother) has a smaller spacecraft (the Child) tethered to it as illustrated in Figure 7.1. While a
TCS has many mission potentials this application has the ability to provide a local and small sensor
platform to a geosynchronous satellite. This application provides a unique vantage point for on-orbit
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inspection of the Mother craft, rendezvous, docking and refueling operations and space environment
measurements. This Mother Child (MC) application is analyzed in detail in Reference [136]. Both
craft are spherical and feature an outer conducting surface for charge distribution.
The combined power required to equally charge both the 2 m radius Mother and 0.5 m radius
Child for each of the plasma conditions is shown in Figure 7.17. The range of spacecraft potentials
used in this analysis is -30 kV to 30 kV, based on the earlier plasma current calculations. The total
power required of the MC system in a nominal plasma (λd = 200 m) is 8.2 W for -30 kV and 17.2
W for 30 kV. This is a realistic power consumption for a large GEO spacecraft. In the worst-case
and rarely experienced quiet plasma (λd = 4 m) the power required by the system to maintain -30
kV is 181 W, and to achieve 30 kV requires 7439 W.
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Figure 7.17: Power required in sun light to maintain fixed spacecraft potential for each plasma
These power requirements are independent of the separation distances of the spacecraft. A
consideration for the system is whether the Mother features a single charge emission device that
charges both itself as well as the Child through a conductive tether. An alternative option is to
have a charge emission device on each craft that operate independently. Considering the eclipse
operating environment, the craft have an equivalent power requirement during positive charging as
this is independent of the photoelectron current. During negative charging, the net plasma current
is lower and hence the power requirements are lower than this sun-lit case.
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7.7 Positive and negative charging considerations
The previous sections show that increasing charge (Coulomb force) reduces TCS relative
motions and that the power requirements are dependent on the polarity and magnitude of the
craft potential. An additional consideration for both power consumption and Coulomb force is the
size of the spacecraft nodes. Larger nodes generate a greater Coulomb repulsive force (for a given
potential level) while also requiring a larger power requirement due to a larger surface area being
bombarded by the plasma. Analyzed here is the force generation and power requirements of the
baseline MC system in comparison to a equal radii, two sphere system.
The Coulomb force generated between the two spherical TCS nodes of potential V is com-
puted using the force of Eq. 3.36 with shielding from the nominal plasma (λd = 200 m). The total
power required is also computed in this nominal plasma in sunlight (photoelectrons included). Both
the force and power is shown on a common axis as a function of spacecraft potential in Figure 7.18.
The MC power and force is directly compared to a two node system of equal radii of three different
values. In this figure the solid lines represent the required power, the dashed lines are the Coulomb
force generated. This is computed in a nominal plasma (λD = 200 m) with a center to center
separation of 7 m.
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Figure 7.18: Force generated and total power required for two craft in sunlight as a function of
sphere potential and showing four radii sizes
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Both the force and power are a function of the sphere radius squared, f(R2), hence at a given
potential the proportional increase between each radial line is equivalent. Ultimately, there is no
optimal radii, TCS nodal size should be selected based on total power limitations, mass and size
constraints or minimum force required for a given potential.
The Coulomb force is a function Fc = f(V
2) which dictates the shape of the curves, and
is equivalent magnitude for both positive and negative potentials. The power required during
positive charging is also a function P (V > 0) ≈ f(V 2) and hence has a similar profile to the force.
However during negative charging in this nominal plasma, the dominant current is the constant
photoelectrons and the resulting power is a function P (V < 0) ≈ f(V ). The result is that for
negative charging lower power is required to achieve the equivalent force at a given potential.
To demonstrate the relationship between force and power, Figure 7.19 shows the ratio Fc/P
for the MC baseline setup. A large ratio value indicates more force is obtained per power required.
This figure shows that for positive charging the ratio is constant. Figure 7.19 also shows that it is
more advantageous to use negative charge, as an equivalent force can be generated for less power
than the same positive charge.
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Figure 7.19: Ratio between force generated and power required in sunlight and a nominal plasma
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7.8 TCS propellant mass requirements and comparison
Another consideration for implementing a Coulomb repelled tethered Child on a GEO space-
craft is the propellant mass requirements. Computed here is the mass required of the charge control
device(s) and the associated propellant mass to maintain the desired surface potentials in the three
representative plasma conditions (quiet, nominal, disturbed). Similar to the power analysis, the
polarity of the spacecraft potentials is a factor in the additional mass required and is addressed
here. This is calculated for the baseline MC system with 2 m and 0.5 m radius spheres respectively,
operating in sunlit conditions.
7.8.1 Propellant mass flow rates
For a TCS maintaining a fixed potential in a plasma, the required propellant and its mass flow
rate is the charge control current emitted to offset the net plasma current. To charge to negative
potentials positive ions from an on board propellant source are emitted. For this study the mass
flow rate, during negative charging, is computed using Xenon gas ions (Xe+). For charge control
emission it is most advantageous to use the lowest mass particles (ideally protons), however Xenon
is used as it is a common hollow cathode propellant and it results in the largest (worst-case) mass
flow rate, with a higher ion mass than Indium (a common field emission propellant) [119; 153]. The
mass flow rate, during negative charging, is computed using [69]:
m˙ =
|Inet|mion
ec
(7.23)
where mion is the mass of the emitted ion species assuming it has a single charge. For positive
charging, mion is replaced with melectron, the mass of an electron, which is 5 orders of magnitude
less than Xenon gas ions. An advantage of using electrons is that they are essentially free propellant
as they can be obtained on-orbit from solar energy. The instantaneous mass flow rate is directly
proportional to the net plasma current and consequently power requirements. The mass flow rate is
computed for each plasma and is a scaled version of Figure 7.17. Highlighting, only the fundamental
findings of this mass flow rate analysis, Table 7.5 lists the combined MC maximum flow rates for
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each of the plasma conditions. The maximum rates correspond to the extremes of the analyzed
spacecraft potentials of ±30 kV.
Table 7.5: Maximum mass flow rate [µgs−1] for each plasma at a given spacecraft potential; com-
puted for the combined Mother and Child configuration
Spacecraft Quiet Nominal Disturbed
potential (λD = 4 m) (λD = 200 m) (λD = 743 m)
-30 kV 8.24 0.42 0.37
+30 kV 0.0014 1.0×10−5 3.3×10−6
The maximum required mass flow rate occurs during the worst case, quiet plasma conditions
(λd = 4 m) as the net plasma current to the craft is at its highest level then. In a nominal plasma
(λd = 200 m) mass flow rates are reduced by at least an order of magnitude. The mass flow rates
are orders of magnitudes lower for positive charging as low mass electrons are emitted. The currents
here are still higher, so a higher electrical power is required compared to the negative charging.
The highest expected mass flow rate for this combined MC system are below 8 µg/s for all
expected plasma conditions. As demonstrated in Section 2.6.3 the current spacecraft charge control
technology can produce mass flow rates as high as 0.1 A at 100 µgs−1 and 10 A at 200 µgs−1 [3; 85],
indicating this is an achievable target with current technology. Also, the mass flow rate analysis
conducted here does not account for any inefficiencies in the charge control device. In addition, the
charge control accuracy for a TCS node system is not important, rather that the overall charge is
significant to maintain tether tension and overcome external disturbances. For this reason, a higher
mass flow rate increases the nodal charge and ultimately adds stiffness to the MC system.
7.8.2 Total propellant mass comparison
For this mother child TCS application example it is beneficial to estimate the total propellant
mass required by the charge control system. The propellant mass is compared to the mass require-
ments of alternate electric propulsion systems performing an equivalent node repulsive force. The
example used is the baseline mother child system with spheres of 2 m and 0.5 m radii. The nodes
are operating in an orbit normal configuration at GEO with a desired center to center separation
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of 7 m. With a mother mass of 2000 kg and a child mass of 50 kg the differential gravity force
compressing the craft has a magnitude of 74.4 µN. In this naturally compressive orbit scenario,
the repulsive Coulomb force maintains a taut tether and desired situational awareness separation.
To achieve this force in a nominal plasma requires the nodes to be charged to |12.2| kV, using
Equation 3.36.
This mother child configuration could also be implemented with free-flying craft that utilize
continuous electric propulsion with a thrust opposing the compressive differential gravity. The
three electric propulsion methods analyzed are a micro Pulsed Plasma Thruster (PPT), a Colloid
thruster, and a Field Emission Electric Propulsion (FEEP) thruster. An important implementation
consideration with all of these propulsive methods is that they have possible plume contamination
given the close operating proximity of this mother child example, as well as the need for continuos
thrust of this application.
For the TCS system the total propellant mass is computed for both negative charging through
emission of Xenon ions (Xe+) and positive charging with electron (e−) emission using the mass
flow rates of Table 7.5. For comparison, the total propellant mass requirements for each electric
propulsion system is computed for a single node using the relationship:
mpropellant =
t|Th|
gIsp
(7.24)
where t is the duration of propulsive maneuver, g is the gravitational constant and Th is the
desired thrust from a single node, which is equal to the differential gravity force. Table 7.6 gives a
representative value of the specific impulse (Isp) of each of the propulsion systems.
The propellant mass is calculated based on the propulsive system applying a continuous thrust
to oppose the differential gravity force. This is computed to maintain a 7 m separation for 10 years.
The required propellant mass of each of the propulsive methods for this mother child example is
also shown in Table 7.6. For the Coulomb system, the propellant mass flow rate is computed for a
nominal plasma (λD = 200 m) in sunlit conditions. The propellant mass requirements of each of
the propulsion systems is also shown in graphical form in Figure 7.20.
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Table 7.6: Comparison of propellant mass requirements to maintain two craft separated by 7 meters
in a orbit normal configuration at GEO, for a mission duration of 10 years
Propulsion Isp Propellant
technology (s) mass (g)
PPT 500 9579
Colloid 1000 4790
FEEP 10000 479.0
Coulomb (Xe+) 2×106 122.4
Coulomb (e−) ∞ 0.0014
As shown in Figure 7.20, the total propellant mass requirements are extremely low for a
Coulomb system. If operating in a nominal GEO plasma environment, the TCS system requires
122.4 g of Xenon propellant for positive charging. This propellant mass will increases considering
inefficiencies of the system and variable plasma environments, however it is still a significantly low
requirement that is very competitive compared to alternate systems.
Another important consideration is the inert mass requirements of the charge control system.
The charge control device inert mass is estimated to be low, in the low kg range, which matches
well with current charge control technology as shown in the earlier charge control hardware section.
As an example, charge control devices for current space missions have masses ranging from 19 kg
on ATS-6 [142] through to the more recent Cluster devices weighing only 1.85 kg each [119; 154].
These are devices that could feasible implemented on the mother and child craft.
7.9 Charge emission force considerations
The charge current required to maintain a fixed potential is emitted under electrostatic
acceleration. The emission current, while low magnitude, results in a net momentum exchange and
consequently a force on the TCS nodes that feature charge control. In earlier studies this force is
shown to be negligible for the free-flying charged spacecraft where Debye lengths are assumed to be
at least 80 meters or larger [69]. However, these Debye length values are not sufficiently conservative,
hence the use of the worst case plasma conditions of this study (λd = 4 m). In addition, if a charge
control device is implemented on the low mass Child spacecraft it may experience relatively large
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Figure 7.20: Propellant mass estimates for each propellant system to maintain to craft separated
by 7 meters in a orbit normal configuration at GEO, for a mission duration of 10 years.
accelerations due to the charge emission force. The charge-thrust force is computed for each of the
plasma conditions and compared to the magnitude of the Coulomb force produced for the baseline
MC system. The force on a node from the emission current is computed using [48]:
Fcc = m˙uion (7.25)
where uion is the emission speed of the ions. During positive charging, low mass electrons are
emitted. The mass flow rate is computed using Eq. 7.23 and the emitted ion species is assumed to
be Xenon here. The emission speed is proportional to the spacecraft potential V and is calculated
using electrostatic repulsion [48]:
uion =
√
2ecV
mion
(7.26)
Combining Equations 7.23, 7.25 & 7.26 the net charge control force is computed with:
Fcc = Inet
√
2mionV
ec
(7.27)
The magnitude of the charge emission force is compared as a ratio of the Coulomb force
and shown in Figure 7.21. This total emission force is computed for both the Mother and Child
combined in each of the three representative plasmas. The lower shaded region indicates where the
charge emission force is greater than the Coulomb force at that potential.
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Figure 7.21: Ratio of Coulomb force to charge emission force in each plasma
It is desirable to have a large ratio between these forces given that the Coulomb force is
our inflationary actuator and the charge emission force is seen as a potential disturbance on the
system. For positive charging the emission of low mass electrons gives a suitably large ratio (>
10 for the worst case plasma). However due to the higher momentum transfer of the Xenon ions
during negative charging the ratio between the forces is reduced. In the worst case plasma the
forces are very similar magnitude. In the nominal and disturbed plasmas the charge emission force
is approximately an order of magnitude less than the minimum Coulomb inflation force.
This study indicates that consideration for the placement and direction of the charge control
device on the nodes should be made. If a single charge control device on the Mother is used to charge
the system, the emission force can be close or even greater than the Coulomb force magnitudes
during negative charging and worst-case plasma conditions. With appropriate placement and the
use of multiple emitters the emission force can be directed to create zero net force on the node and
not interfere with Coulomb inflation forces. A conceptual example of a charged node with zero net
force charge emission plumes is shown in Figure 7.22. In addition, correct placement of the charge
device on the Mother or Child could be used as an additional torque source to assist in controlling
external perturbations such as gravity gradients.
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Figure 7.22: Illustration of bi-directional charge emission on a tethered spacecraft node
Chapter 8
Conclusions and future work
This dissertation documents the design and fabrication of the unique Coulomb terrestrial
testbed. This testbed provides a platform that is used to explore the intricacies of electrostatic
relative motion actuation. The findings of this research support the prospects of the Coulomb
spacecraft formation flight concept. Electrostatic power supplies are successfully used to charge
spheres and induce one dimensional relative motion in the terrestrial atmosphere of the labora-
tory. External mechanical and electrostatic disturbances are identified and mitigated to provide an
extremely low disturbance environment with perturbations consistently below 1 mN.
Accomplishing a major aim of the testbed, experiments are used to investigate electrostatic
force production properties. As documented in this dissertation, this is achieved by using experi-
mental data to estimate parameters of a candidate Coulomb force model. Based on a derived and
proposed plasma force model, the terrestrial representation is shown to capture unknown electro-
static interferences. Direct similarities between the space-based plasma shielding and the terrestrial
force reductions are shown. This provides a promising opportunity to resemble space-like coulomb
actuation on a terrestrial testbed. Further the resulting terrestrial force model is a fundamental
component that is required for follow-on testbed verification and implementation purposes.
The implementation of feedback control on the testbed hardware demonstrates the successful
repositioning of the cart on the track with Coulomb forces. This feedback control is used to mimic
the orbital motion control of two charged craft aligned with the principal orbit axis and achieves
non-zero steady state charge solutions. Simulations of these controlled charged motions using
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the terrestrial force model accurately predict the true testbed response, which provides bountiful
opportunities for future experimental endeavors.
In support of the experimental developments and findings of this dissertation there are funda-
mental theoretical studies that are also addressed. Shedding light on the future space applications
of the CFF concept are two additional research developments. Firstly, a study of relative motion
estimation for formations in a plasma is conducted and demonstrates that is feasible to predict
local plasma properties using charged relative motion sensing. Finally, a large tethered sensing
platform at GEO is proposed and shown to use only watt-levels of power and grams of propellant
to maintain its geometry with the use of inflationary Coulomb forces.
Taking a concept from theory and implementing it on hardware opens opportunities to truly
explore its details and potential. A wealth of knowledge has already been obtained during the
course of this dissertation and is bound to continue with follow-on work involving the testbed. This
ultimately is one of its main purposes.
Follow-on work that can carry on from the research of this dissertation includes further ana-
lytic applications. A simple and robust controller is used here, however more intricate algorithms
can be implemented particularly with the improvements of the terrestrial force model, in this dis-
sertation, to allow more accurate response verification. By using an additional cart on the track
control of two free-moving vehicles can be investigated, a dynamical approach more closely resem-
bling free-flying spacecraft. Real-time estimation of parameters such as electrostatic interactions is
introduced here, but has a forthcoming implementation on the testbed.
There are also a number of extended experiments and modifications that are envisioned.
These include potential environmentally controlled or vacuum operation. Also, a two dimensional
testbed would provide an exponential increase in the relative motion maneuvers that could be
performed and analyzed. This testbed is a precursor to an abundance of terrestrial experiments
that make the prospects of Coulomb formation flight a space-bound reality.
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Appendix A
Plasma Coulomb force model discrepancies
A proposed model for the force between a sphere and an infinitesimal point charge in a
plasma is developed and shown in Equation 3.36. There is a discrepancy in the confirmation of
these force that is explained and discussed in this appendix. The force of Equation 3.36 is derived
from computing the E-field about a sphere of finite radius ρA, charged to a surface potential VA,
using the conservative Debye-Hu¨ckel approximation. This E-field of Equation 3.32 is reproduced
here:
EA(r) = −∇rΦ(r) = VAρA
r2
e−(r−ρA)/λD
(
1 +
r
λD
)
The Coulomb force on a infinitesimal point charge qB that is placed in this E-field at a distance d
is computed with Equation 3.36:
F =
VAρAqB
d2
e−(d−ρA)/λD
(
1 +
d
λD
)
The capacitance of the sphere and plasma is given by Equation 3.34:
qA = VA
ρA
kc
(
1 +
ρA
λD
)
which has no influence from the infinitesimal point charge and can be substituted into the force
equation to give:
FAB =
kcqAqB
d2
(
λD
ρA + λD
)
e−(d−ρA)/λD
(
1 +
d
λD
)
(A.1)
However, consider now the E-field from the isolated infinitesimal point charge in a plasma
given by:
EB(r) =
kcqB
r2
e−r/λD (A.2)
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When the sphere, with a total self capacitance charge of qB is placed in this field at a distance d
the sphere experiences a Coulomb force magnitude:
FBA =
kcqAqB
d2
(
1 +
d
λD
)
e−d/λD (A.3)
The force on the point charge is not equivalent to the force on the sphere FAB 6= FBA. The
discrepancy arrises from the plasma shielding which is computed for different separations between
the sphere and the point charge in each direction. The additional terms in FAB are
eρA/λD
(
λD
ρA + λD
)
If you take the taylor series expansion of the exponent of this additional term it is shown that the
first order terms are cancelled and if (ρA  λD) then the force does equate to be the same value.(
λD
ρA + λD
)
eρA/λD =
(
λD
ρA + λD
)(
1 +
ρA
λD
+
ρ2A
2λ2D
+ ...
)
= 1 +
(
λD
ρA + λD
)(
ρ2A
2λ2D
+ ...
) (A.4)
Consequently, this is a negligible discrepancy in the computation of the force between a sphere
and a point charge in a nominal plasma, λD = 200 m. Even for the small worst case plasma,
λD = 4 m, these second order and greater terms have a small effect for meter size craft. The
plasma Coulomb force models developed in this dissertation are an analytic estimate and the small
discrepancy explored in this Appendix can be safely omitted.
Appendix B
Testbed hardware apparatus details
Additional details on the design and operation of the autonomous air flow system are de-
scribed here. The infrared sensors are positioned 75 cm from the cart and track in order to not
introduce any electrostatic interference. At this range they project a sensing area that is slightly
less than 2.54 cm wide (the separation of the holes on the track). There are challenges with the
alignment of the IR beams relative to the track to ensure triggering of air occurs with accurate
timing. It is necessary to calibrate the alignment and measure the IR beams and valve triggering
to reduce additional airflow disturbances.
At this 75 cm range the output voltage signal is in the range 0 to 1V depending on whether
there is cart reflection or not. This voltage signal is then used to drive the valve on/off logic through
a comparator circuit with a variable threshold setting. The circuit which controls 8 IR and valve
combinations also features an analog low pass filter and is encased in shielded boxes directly behind
the IR sensors to reduce noise and obtain a clean signal for airflow triggering. The whole position
sensing and air flow control is completely analog and self sufficient (not requiring user or computer
input). This stand alone architecture can be easily scaled to a track of any length.
The IR sensors are sensitive but can provide a clean signal with a flat reflective surface.
During autonomous airflow operation, the cart uses a paper reflective sheet that extends beyond
the sphere and is used to directly reflect the IR signal. This reflective sheet is a smaller dimension
than the cart length so that the cart overlaps the air holes prior to them being turned on. The
sphere on the cart is positioned slightly off center to account for the mass distribution, which is
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calibrated prior to each test.
Tests demonstrated that random erroneous signals from the IR reflecting off the plastic safety
cage that surrounds the entire apparatus do occur. To overcome this the safety cage is aligned so
that the IR beams reflected at an angle away from their sensing receptors. Similar issues are
observed with the cart positioning laser. A small cardboard patch is used to reflect the laser
beam. However, if the plastic cage (behind the cart and cardboard patch) is positioned perfectly
perpendicular to the laser, the beam can penetrate the cardboard and the plastic acts as the
reflection surface. This is easily remedied by giving the plastic cage a slight angle and using a
double thickness cardboard patch.
